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Introduction 


Composite  films  containing  ferroelectric  ceramic  inclusions  in  the  matrix 
of  suitable  polymers  may  possess  high  dielectric  constants  with  good 
electrical  breakdown  strength  and  enhanced  piezo-  and  pyroelectric 
coefficients.  Such  composite  materials  will  have  commercial  applications 
as  high  energy  storage  capacitor  and  piezo-  and  pyro-electric  sensors 
including  medical  uses.  It  has  been  our  objective  to  prepare  and  study 
the  electro-active  properties  of  such  composite  films  with  suitable 
ceramics  such  as  lead  zirconate  titanate  (PZT)  embedded  in  the  matrix  of 
polymers  such  as  polyvinylidene  fluoride  (PVDF),  copolymers  of  vinylidene 
fluoride  and  trif luorethylene  (VDF-TrFE).  The  following  is  an  account  of 
the  work  performed  in  our  laboratories.  There  have  been  six  publications 
with  the  results  of  this  work  and  copies  of  these  (reference  item  4-8 
and  15)  are  included  in  this  report. 

2.  Sample  Preparation 

Several  types  of  Polymer/ceramic  composites  have  been  prepared  by  mixing 
PZT  powder  with  an  average  grain  size  of  20pm  with  different  polymers 
using  a  rolling  mill  operated  at  433k.  The  composite  hides  were  then 
pressed  in  a  temperature-controlled  hydraulic  press  to  thickness  in  the 
range  10 j  -  800pm.  The  use  of  high  quality  chromium  plates  for  pressing 
allowed  the  production  of  films  with  a  good  surface  structure.  Samples 
were  then  thoroughly  cleaned  with  isopropyl  alcohol  in  an  ultrasonic  bath 
to  remove  surface  contaminants  and  thus  improve  repeatability  of  data 
obtained  with  dielectric  and  electrical  measurements.  The  following  five 
different  types  of  composites  have  been  prepared  with  different  volume 
fractions  of  the  two  phases. 
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Materials 

Designation 

(i) 

PZT5/PVDF  (50:50  Vol1/.) 

Composite  A 

(ii) 

PZT8/PVDF  (50:50  Vol7.) 

Composite  B 

(iii) 

PZT5/VDF  -  TrFE  (50.50  Vol%) 

Composite  C 

(iv) 

PZT8/VDF  -  TrFE  (50:50  Vol'/.) 

Composite  D 

(v) 

BaTio^/PVDF  (40:60  Vol7.) 

Composite  E 
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PZT  and  BaTio^  powder  with  an  average  grain  size  of  20pm  were  purchased 
from  Unilator  Technical  Ceramics  of  Ruabon  U.K.  Pellets  of  PVDF  (solef 
1008)  and  VDF-TrFe  (Solef  11010)  were  kindly  supplied  by  Laporte 
Industries  of  Lutcn,  U.K.  Electroactive  properties  of  four  composite 
films,  together  with  those  of  Piezel  (see  Appendix  for  specification),  a 
commercially  available  composite  of  PZT/VDF-TrrE,  manufactured  by  the 
Daikin  Industry  Limited  of  Japan  have  been  studied  in  the  present  work. 
These  studies  include  (i)  dielectric  properties  in  the  frequency  range 
10  Hz  to  10  kHz  (ii)  absorption  and  desorption  currents  up  to  10  seconds 
after  application  and  removal  of  poling  voltages  up  to  10?Vm  1  in  the 
temperature  range  of  293  -  378K,  (iii)  thermally  stimulated  discharge 
current  (TSDC)  and  (iv)  the  pyroelectric  behaviour  in  the  temperature 
range  of  293  -  378K. 

3.  Experimental 

Aluminium  electrodes  of  area  2cm  x  2cm  were  vacuum  deposited  on  both  sides 
of  each  composite  film.  The  samples  were  then  thermally  treated  in  an 
evacuated  measurement  chamber  at  a  pressure  of  10  6  torr  at  373K  with 
their  electrodes  shorted  for  at  least  12  hours  before  any  dielectric  and 
electrical  measurements  were  made. 

The  dielectric  dispersion  measurements  were  made  using  a  General  Radio 
Bridge  (type  1621)  or  with  a  system  comprising  of  a  Solartron  frequency 
response  analyser  and  BBC  microcomputers  which  have  been  recently  developed 
in  our  laboratories. 
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The  absorption  current  and  TSDC  measurements  were  made  in  a  stainless 
steel  vacuum  chamber  (<10  6  torr).  Temperature  was  controlled  to  within 
0.25K  using  a  Eurotherm  controller.  A  high  voltage  was  applied  to  samples 
from  a  Brandenburg  photomultiplier  supply  and  the  currents  were  measured 
with  a  Keithley  (model  616)  digital  electrometer  suitably  interfaced  to  a 
microcomputer  which  stored  data,  performed  transformations  on  line  and 
plotted  curves. 

The  pyroelectric  currents  were  measured  using  a  direct  method  [1]  by 
applying  a  linear  heating  rate  cf  approximately  l°c  per  minute  to  the 
samples  which  have  been  poled  appropriately.  The  pyro-  electric  current 
responses  were  also  studied  by  a  dynamic  method  [2,3]  by  exposing  the 
samples  to  a  well-focussed  radiation  from  a  tungsten  filament  lamp. 


4.  Results  &  Discussion 

Although  six  different  types  of  composites  (Composites  A  -  E  and 
Piezel)  have  been  studied  in  this  work,  the  most  interesting 
composites  are  possibly  samples  A,  B,  C,  D  and  Piezel.  PZT  5  materials 
(composite  A  and  C)  are  donor  doped  with  niobium,  compensation  being 
achieved  by  electrons  or  cation  vacancies.  These  defects  lead  to  higher 
domain  wall  mobility  and  greater  dielectric  losses.  The  electro-active 
properties  of  composite  A  and  C  were  observed  to  be  similar  and  to  avoid 
duplication  this  report  will  include  only  the  results  obtained  with  the 
Composite  C. 

PZT  8  materials  (composite  B  and  D)  are  acceptor  doped  with  iron  which 
results  in  oxygen  vacancies  to  compensate  for  the  charge  deficiency.  It 
is  believed  that  these  vacancies  associate  with  the  domain  walls  within 
the  grains,  thus  effectively  pinning  them.  Thus  reduction  of  mobility  is 
the  cause  for  the  lower  dielectric  losses  in  PZT  8.  Once  again  the 
electro-active  properties  of  the  composites  B  and  D  were  observed  to  be 
similar  and  the  report  will  not  include  the  results  obtained  with  the 
composite  D.  The  electro-active  behaviour  of  the  remaining  composite  E 
(BaTiO^/PVDF)  appears  to  be  less  attractive  in  comparison  with  PZT  based 
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composites  (prepared  in  our  laboratories)  as  may  be  observed  from  the 
attached  publication  [reference  151. 

4. 1  Dielectric  Behaviour 

Figure  1  shows  the  behaviour  of  the  real  and  imaginary  parts  (e1  and 
cU)  of  the  complex  dielectric  constants  [51  of  the  composite  samples 
B  (PZT8/PVDF)  and  C  (PZT5/VDF  -  TrFE)  and  Piezel  in  the  frequency 
range  of  10  Hz  to  10SHz.  It  may  be  observed  that  in  the  high 
frequency  region  the  values  of  e1  are  about  the  same  for  all  three 
composites.  However,  at  low  frequencies  the  e1  values  are 
significantly  different.  According  to  Yamada  et  al  [9]  the 
permittivity  e,  for  a  composite  system  is  given  by 


where  n  is  a  parameter  attributed  to  the  shape  of  the  ellipsoidal 

ceramic  particles,  q  the  volume  fraction  of  the  ceramic  particles, 

the  permittivity  of  the  continuous  polymer  (host)  phase  and  c ^  the 

permittivity  of  the  ellipsoidal  ceramic  particles.  Taking  the  value 

of  (PVDF)  =  11,  ez  =  1240  (PZT)  and  the  value  of  n  chosen  as  8  to 

fit  equation  2,  the  calculated  values  of  the  relative  permittivity 

at  1  kHz  are  20  for  10’/.  vol.  PZT  and  90  for  50’/.  volume  fraction  of 

PZT.  These  calculated  values  are  in  reasonable  agreement  with  the 

experimentally  observed  values  (figure  1).  The  dielectric  loss  (e11) 

3  4 

behaviour  shows  a  broad  peak  in  the  region  10  -  10  Hz  which  may  be 

due  to  the  relaxation  of  the  polymer  phase  which  occurs  at  similar 
frequencies  and  temperature  region. 

The  dielectric  loss  is  seen  to  increase  considerably  at  low 
frequencies  particularly  for  higher  content  of  PZT  in  PZT/PVDF  [7] 
indicating  the  dominance  of  PZT  at  low  frequencies. 

Figure  2  shows  the  dielectric  loss  behaviour  [7)  against  temperature 
in  the  composite  of  PZT/PVDF  and  Piezel.  The  observed  peaks  which 
occur  at  ~  360K  in  PZT/PVDF  and  at  ~  3S0K  in  Piezel  are  due  to  a 
relaxation  which  is  associated  with  molecular  motions  in  the 
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crystalline  region  of  the  polymer.  The  observed  behaviour  (figure  2) 
of  e11  also  demonstrates  the  substantial  contribution  of  the  interfacial 
effect  of  the  polymer-ceramic  composite  materials  at  high  temperatures. 

4. 2  Absorption  Current  Studies 

The  time  dependence  of  charging  currents  in  PZT/Polymer  composites  [5] 
are  shown  in  figure  3.  It  may  be  observed  that  in  all  cases  the 
currents  decrease  monotonically  with  time  following  the  well  known 
expression 

I(t)  =  A { T )  t'n  (2) 

where  A  is  a  temperature  dependent  factor,  t  the  time  after 

application  (or  removal)  of  the  external  voltage  and  n  <  1.  For  the 
upper  two  curves  the  behaviour  of  I ( t )  is  similar  for  the  two 
composites  which  were  prepared  using  different  types  of  PZT  and 
different  polymer  grades  of  equal  volume  percentage  between  the 
ceramic  and  polymer  phases.  The  current  in  piezel  samples  was 
observed  to  reach  a  steady  state  level  at  ~lC5s  whereas  in  the 
composites  B  and  C,  the  time  taken  to  obtain  a  steady  state  conduction 
level  was  observed  to  be  shorter.  The  analysis  of  the  study  state 
current  in  the  composition  for  different  temperature  and  fields  17,8) 
(see  figure  4)  show  that  its  behaviour  is  governed  by  an  ionic  hopping 
mechanism  with  a  substantial  contribution  from  the  PZT  phase  at  high 
temperatures.  Assuming  a  model  of  diffusion  of  lattice  defects  or 
ions  and  a  carrier  hopping  process  (10)  the  following  expression  is 
obtainable  for  a  steady  state  current  I  for  low  fields. 

Is  =  IQ  exp  (-p/kt)  Sinh  (|£i)  (3) 

when  I  is  a  constant,  p  the  activation  energy,  E  the  electric  field, 
of  the  jump  distance  and  the  other  symbols  have  their  usual  meanings. 
Equation  3  reduces  to 

Is  =  Iq  exp  (~M/kt)  exp  (edE/2|a)  (4) 

which  is  similar  to  an  expression  derived  by  Lawson  111)  for  the  high 
field  dependence.  Fi om  the  ionic  conduction  plots,  obtained  in  this 
work  (see  figure  3)  the  value  of  jump  distance  d,  and  the  activation 
energy  E,  for  the  composite  were  observed  to  be  90nm  and  0. 8eV 


respectively  [7],  These  values  are  slmilai  to  those  of  PZT  [7),  thus 
suggesting  that  the  origin  of  the  steady  state  conduction  is  of  ionic 
nature  in  both  materials  and  that  the  role  of  PZT  is  dominant  in  the 
conduction  process  for  the  composites.  A  comparison  of  data  for  10% 
and  50%  volume  fraction  of  PZT  shows  that  as  the  content  of  PZT  phase 
is  increased,  the  magnitude  of  jump  distance  (d-value)  increases. 

4. 3  Thermally  Stimulated  Discharge  Current  f TSDC )  Studies 

TSDC  analysis  of  polymer  solids  provides  quantitative  information  of 
bulk  polarization  and  qualitative  information  of  molecular  motion  and 
anisotrophy  of  microstructure.  The  thermoelectric  schedule  of  a  TSDC 
analysis  is  as  follows  (see  figure  5).  A  polarizing  electric  field  is 
applied  across  the  sample  at  an  elevated  temperature.  The  material  is 
then  cooled  to  a  suitable  low  temperature  in  the  presence  of  the 
field.  The  external  field  is  then  removed.  The  sample  now  possesses 
an  electrical  ’frozen-in’  persistent  polarization.  The  electrodes  of 
the  sample  are  then  shorted  and  the  material  is  heated  at  a  slow 
uniform  rate  (~10°/minute) .  As  the  temperature  rises,  the  induced 
persistent  polarization  begins  to  decay,  and  whenever  a  temperature 
range  is  encountered  over  which  the  decay  rate  matches  the  time  scale 
of  the  experiment,  there  follows  a  release  of  some  of  these  charges. 

A  plot  of  this  current  as  a  function  of  temperature  is  a  TSDC 
thermogram. 

A  TSDC  analysis  obeys  the  following  expression: 

u  =  A/bkT  2  (5) 

m 

where  u  is  the  test  frequency,  A  the  apparent  activation  energy,  b 

the  inverse  heating  rate,  k  the  Boltzmann’s  constant  and  T  the 

m 

temperature  at  which  TSDC  reaches  its  maximum.  Figure  6  shows  [12] 
typical  TSDC  spectra  of  corona  poled  PVDF  from  which  it  can  be  seen 
that  increasing  the  polarizing  voltage  increases  the  magnitude  of  the 
current  released.  Both  curves  display  a  broad  peak  at  ~49°c  and  have 
similar  profiles. 
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A  typical  pattern  [7]  of  TSDC  spectra  of  PZT5/VDF-TrFE  with  50:  SO  Vol  V.  is 
shown  in  figure  7.  The  sample  was  poled  in  air  at  a  field  of 
1.2  x  10?  Vm  1  at  373K  for  2.8  hours  and  then  cooled  to  room  temperature 
in  the  presence  of  the  field.  It  was  then  placed  in  a  vacuum 
measurement  chamber  for  TSDC  measurement  The  first  run  shows  a  very 
high  increase  in  current  with  no  peak  up  to  373k.  From  the  shape  of 
the  curve  it  may  be  possible  to  observe  a  peak  if  it  was  heated  above 
373K.  A  similar  observation  has  also  been  made  by  Shakhtakhtinski  et 
al  [13]  in  which  no  peak  has  been  observed  below  373K  for  a  composite 
of  PZT/polyethylene.  The  second  TSDC  run  shows  a  substantial 
reduction  of  current  as  some  space  charges  have  been  released  during 
the  first  heating  (TSDC)  run.  The  third  subsequent  heating  shows  no 
appreciable  reduction  of  current,  thus  establishing  a  truly 
pyroelectric  current  of  dipolai  origin.  This  latter  point  is  further 
discussed  in  the  next  section. 

4. 4  Pyroelectric  Behaviour 

The  pyroelectric  behaviour  of  the  composites  have  been  investigated  in 
the  work  both  by  the  direct  method  [1]  and  by  the  dynamic  method  [2,3] 
as  mentioned  earlier.  In  the  direct  method  [1]  which  is  probably  the 
more  accurate  of  the  two,  the  pyroelectric  current  Ip  is  related  to 
the  pyroelectric  coefficient  p(T)  thus, 

Ip  =  a  p  (T)  g  (6) 

a  is  the  electroded  sample  area  and  the  rate  of  change  of 

temperature.  it  should  be  noted  that  1  is  the  short  circuited 

P 

current  measured  at  a  uniform  heating  rate.  Thus  the  reversible 
pyroelectric  coefficient  can  be  directly  determined  from  the  TSDC 
runs,  mentioned  in  the  previous  section  provided  the  trapped  space 
charges  have  been  eliminated  uith  several  TSDC  runs. 

The  pyroelectric  coefficients  as  a  function  of  temperature,  obtained 
by  the  direct  method  [1]  for  the  composites  B  (PZT8/PVDF).  C  (PZT5/ 

VDF  -  frFE)  and  piezel  are  shown  in  figure  8  from  which  [5]  it  may  be 
observed  that  the  sample  B  with  the  highest  dielectric  loss  (see 
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figure  1)  has  the  lowest  pyroelectric  coefficient  at  low  temperatures, 
whereas  sample  C  and  piezel  appear  to  have  similar  p(T)  values. 

Factors  such  as  elastic  stiffness,  thermal  expansion  of  the  polymer 
and  internal  stresses  may  contribute  significantly  to  the  observed 
differences  in  p(T)  values  of  the  present  results  in  the  same  manner 
as  the  result  of  Galgoci  et  al  [14]  showed. 


The  dynamic  method  [2,3]  provides  an  alternative  way  in  measuring 
pyroelectric  response  of  materials.  The  pyroelectric  coefficient  p(T) 
in  this  method  may  be  obtained  from  the  following  relation  [2], 


I  ,  ,  =  Bp(T) 

p(max) 


(7) 


with  B 


F  a 
o 

pC  L 
P 


(8) 


where  Jp(max)  is  the  peak  value  of  the  pyroalectric  response  uher.  a 

thermal  radiation  is  incident  on  the  surface  of  a  sample  with  shorted 

electrodes,  p  the  density  of  the  material,  Fq  the  radiation  power 

absorbed  per  unit  area  of  the  electroded  sample,  Cp  the  specific  heat 

of  the  sample  material  of  thickness  L,  a  the  electroded  area  of  the 

sample  and  d  =  Ce/C.,  where  Ce  and  C,,  are  the  electrical  and  thermal 
th  th 

time  constants  of  the  system  respectively. 


In  this  work  I  (max)  has  been  measured  after  the  completion  of  the 
P 

third  TSDC  run  of  the  prepoled  sample  in  order  to  establish  the  true 

reversibility  of  the  pyroelectric  response.  Figure  9  shows  the 

behaviour  of  the  pyroelectric  current  peak  I  ,  ,  obtained  by  the 

r  p(max)  ’ 

dynamic  method  as  a  lunction  of  the  pcl'ng  fields  [5]  at  333K  and 
373K.  It  may  be  observed  that  the  data  show  an  approximately  linear 
relationship  at  the  respective  temperatures  and  within  the  range  of 
fields  employed  in  this  work. 


Now  I  measured  with  the  dynamic  method,  must  be  related  to  the 

p(max) 

p(T)  values  obtained  by  the  direct  method  Figure  10  shows  a  plot  [5] 

of  I  .  ,  dynamic  method/p(T),  direct  method  for  the  Sample  C  at 

p i max ) 

333K.  This  relationship  appears  to  be  linear,  as  expected,  and  is 
expressed  thus, 
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I  ,  ,  =  Gp(T)  (9) 

p(max) 

where  G  =  2. lx  10  5  m2  s  V  which  may  be  considered  as  a  constant  for 
the  same  sample  material  with  the  same  electrode  geometry  for  the  same 
incident  power  of  radiation.  The  thermal  and  electrical  time  constant 
of  the  system,  of  course,  remain  unchanged. 

An  efficient  poling  is  obviously  achieved  at  high  temperatures,  fields 

and  at  long  poling  time.  Care  should,  however  be  exercised  that  the 

material  does  not  suffer  an  electrical  breakdown.  The  results  of  a 

study  of  these  three  poling  parameters,  i.e.  the  poling  field  E  , 

temperature  T^  and  time  t  with  respect  to  the  induced 

pyroelectricity,  have  been  summarised  in  figure  11  for  the  composite  C 

(PZT5/VDF-TrFE,  50:50  vol/i).  It  may  be  observed  that  a  pyroelectric 

coefficient  of  ~  14  x  10  5  C  m  2K  1  can  be  obtained  for  the  composite 

C  with  E  =  1  x  107  Vm  1  T  =  373K  and  t  =8  hours  with  thermal 
P  P  P 

pol ing. 

Finally  Table  2  summarises  the  results  of  the  present  studies  of  the 
electrical,  dielectric  and  pyroelectric  properties  of  all  tne 
materials  which  have  been  investigated  in  our  laboratories  including 
the  composites  B,  C  and  E  and  piezel.  It  is  evident  from  these 
results  that  the  pyroelectric  coefficient  p(T)  of  composite  C  is  about 
an  order  of  magnitude  greater  than  those  of  the  homopolymer  PVDF  and 
piezel.  The  figure  of  merit  (p(T)/c')  of  the  composite  C  is  also 
higher  than  those  of  PZT,  PVDF  and  piezel  by  the  same  amount. 

Conclusion 

It  has  bean  possible  to  produce  mechanically  strong  films  of  ceramic 
copolymer  composite  (PZT5/VDF-TrFE,  50:50  volX)  which  are 
significantly  better  than  piezel  with  respect  to  their  pyroelectric 
properties.  Composite  C  is  thus  an  attractive  and  marketable  sensor 
material  which  may  have  considerable  advantage  in  industrial,  defence 
and  bio-medical  application.  This  project  has  produced  new  useful 
material  with  desirable  electro-active  properties. 
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rig.  1  :  The  behaviour  of  z  end  z"  against'  frequency  in  ConposHes  3 
end  C  ana  PiEZEL  af  363  K. 

PZT8/PVDF  (B)  S0/50  :  e'  f x) ,  e’  (A) 

PZT5/VDF-TrFE  (C)  S0/50  :  e"  (•),  e"(A) 

PIEZEL  :  z'  (a  ) ,  z"  (°) 


P2T8/PVDF 
(  Composite  B  ) 


E  (Vn’1)  x 
x 


105  (PZT) 

106  (PZT/PVDF,  PIEZEL) 


Figure  4:  Isochronal  charging  currents  at  lO**  se'c  as  a  function 
of.  field  in  PZT,  Composite  C  and  PIEZEL  at  343 K . 
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developed  during  the  polarizing  stage  is  shown  to  decay  arbitrarily  in  two 
stages  and,  as  a  direct  consequence,  a  peak  in  discharge  current  i(T) 
is  seen  coincident  with  each  decay  process. 


Typical  Miermnlly  rJimulalcd  dir.chnrrjn  curronT  and  pyrododric  currenl  in  P7T5/VDF-TrFE 
(composite) C  ) . 
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Fig.  8  :  Pyroelectric  coefficient  against  temperature  in 
Composites  B& C  and  PIEZEL. 


TABLE  2.  SUMMARY  OF  RESULT: 
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Vr.iv'rrsiiy  C: 


prlyr.er/cerar.tc  ccr,osi:e  in  ich  a  fir. a  cera-.ic  p-a-icr  r.ay  be 
introduced  in  the  matrix  ct  a  polymer.  Such  a  composite  i‘av  combine 
superior  mechanical  strength  and  electrical  treakjcvn  strength  of  a 
trlyrer  vith  the  excellent  therr.il,  dielectric  and  electro-active 
properties  cf  a  ceramic. 


Present  :  r reports  the  results  of  a  study  of  dielectric  and 
;;  r : electric  properties  and  the  nature  of  absorption  and  steady 
state  currents  cf  a  flexible  polymer-ceramic  composite  'Pierel1 
'■•‘.ich  is  manufactured  by  the  Dai'xin  Industries  Limited  of  Japan  and 
in  uhich  a  ceramic  has  been  introduced  in  the  matrix  of  a  polymer. 


phas e.  The  activation  c :  this  less  pea'-;  was  observe!  to  be 

approximately  1.2  eV  which  is  in  agreement  with  that  cf  ?VTr . 

The  temperature  dependence  of  "  of  rZT  and  the  composite  at  1  Y.r.z 
is  shown  in  figure  4.  It  may  be  observed  that  there  is  a  lev 
temperature  relaxation  peak  of  the  composite  at  26SK.  This  may  be 
ascribed  to  the  molecular  motions  in  the  amorphous  phase  of  the 
polymer.  It  should,  however,  be  noted  that  the  observed  temperature 
of  this  peak  (265K)  is  considerably  higher  than  that  of  FVPr  at 
•  -his  may  possibly  be  due  to  the  influence  of  FZT 
particles  residing  in  the  amorphous  phase  of  the  polymer.  The 
scccr.d  bread  peak  of  the  composite  at  ~353K  is  due  to  “  c -relaxation. 
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■r-  c"  -behaviour  cf  ?ZT  shews  r.o  structure  and  a  r.crctcr.ic  decrease 
'■■'ith  increasing  temperature. 

.•cw  r.-.e  tire  dependence  ci  discharge  current  in  a  dielectric  n.av  be 
used  to  determine  the  dielectric  less  tatter  using  the  following 
approximation  cue  to  Heron 


c"  (:)  - 


KO 

2r:C  V 


KO.1./:) 

2-.:C  V 
o 


(4) 


•-here  i(t)  is  the  magnitude  of  the  discharge  current  at  a  tire  t 
alter  the  removal  of  voltage  V,  C  the  geometric  capacitance  cf 
electrode  geometry  without  the  sample  and  f  the  Heron  frequency 
(=Q.l/t).  This  method  has  been  employed  in  figure  5  to  determine 
behaviour  of  the  composite  at  low  frequencies  in  the  range  IQ-5  to  2 
x  10  :!z.  The  observed  location  of  the  peak  (figure  5)  corresponds 
'■ell  to  that  of  the  polymer,  thus  suggesting  again  that  the 
dielectric  behaviour  of  the  composite  is  in  good  agreement  with  that 
of  the  polymer. 


In  the  direct  method  for  the  determination  of  the  pyroelectric 
coefficient  p(T)  a  poled  sample  is  heated  at  a  constant  late  of 
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Cp  the  specific  heat,  d  the  sample. thickness,  Ip(rr.ax)  the  peak  value 
of  the  pyroelectric  current  and  where  "e  ar.d  are 
the  electrical  and  therr.al  tir.e  constants  of  this  system, 
respectively.  Ip  (max)  has  generally  leen  measured  :n  the  present 
work  in  the  following  manner. 
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Figure  6:  Behaviour  cf  pyroelectric  peak  current  in  cor.posrte  ac 
various  cites  and  after  thermal  treatment. 

Sample  was  charged  for  2Bh  at  2kV,  323-K  and  discharged 
at  323CK.  Points  were  measured  at  323"K. 


observed  that  a  decay  of  12"  of  Ip (max)  -as  observed  after  20  hours 
of  discharge  compared  to  that  after  3  hours  of  discharge.  A  further 
reduction  of  Ip(max)  of  about  50"  occurs  after  the  sample  is  heated 
to  373K  with  its  electrodes  shorted.  ho  further  decay  of  Ip (max) 
was  observed  on  subsequent  thermal  cycling,  thus  establishing  a 
stable  and  reversible  pyroelectricity  in  the  composite.  Further 
work  is  necessary  to  determine  p(T)  by  the  dynamic  method  as  he 
magnitude  of  Cp  is  not  accurately  known  for  the  composite. 

In  conclusion,  ic  is  suggested  that  the  steady  state  conduction 
behaviour  in  the  polymer  -  ceramic  composite  may  originate  from  an 
ionic  hopping  mechanism  which  is  dominated  in  the  PZT  phase. 
However,  the  dielectric  loss  process  may  be  largely  due  to  the 
polymer  phase  with  some  significant  contribution  by  the  FZT  phase  at 
low  frequencies  and  high  temperatures.  The  pryro-electric 
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ABSTRACT :  Composites  cf  Lead  Zirccr.ate  Titanate  ( PIT)  and 
po^yvinylidene  flucride  (FOr)  were  prepared  and  its  electrical 
and  dielectric  behaviours  vere  analysed.  ?ZT  phase  has  been 
suggested  to  have  a  significant  contribution  cn  the  electrical 
conduction  and  low  frequency  dielectric  less  at  high 
temperatures .  The  pyroelectric  behaviour  obtained  from 
composites  of  different  materials  may  suggest  that  the  elastic 
stiffness  and  thermal  expansion  of  the  polymer  matrix  were  among 
the  factors  contributing  to  the  measured  pyroelectric  activity. 
A  higher  pyroelectric  figure  cf  merit  as  compared  to  PZT  has 
been  achieved  in  one  cf  the  PZT/PVD?  composites. 


1 .  INTRODUCTION 

Ferroelctric  composites  cf  ceramic  and  polymer  have  lately  received 
considerable  attention  due  to  their  advantages  in  piezoelectric 
properties  for  transducer  applications  (Skinner  et  al  1973,  Nevrb  am 
et  al  15c 0)  .  There  are  many  ways  in  producing  ceramic/ polymer 
composites  (Ne urban  et  al  1973)  but  the  simplest  method  is  by 
introducing  the  ceramic  particles  into  the  polymer  matrix.  In  this 
type  of  composite,  the  ceramic  particles  are  not  in  contact  with 
each  other  while  the  polymer  phase  is  self -corrected  thus  having 
formed  a  0-3  connectivity  (Nevnham  et  al  157 B)  .  The  ceramic/ 
polymer  composites  thus  constitute  a  new  structure  which  might 
differ  in  many  respects  from  their  single  phase  components.  Hence 
the  design  of  the  composites  with  optimum  preperties  becomes  very 
challenging  since  its  properties  do  not  only  depend  cn  the 
materials  and  the  compositions  but  also  on  their  interconnections. 
Present  work  reports  the  results  of  a  study  of  the  electrical  and 
dielectric  properties  in  PZT/PYDF  composites. 

2 .  EXPERIMENTAL 

Composite  samples  are  prepared  from  PZT  ceramic  powder  ( PZT5  and 
PZT3,  supplied  by  Unilatcr,  U.K.)  mixed  up  with  FVDF  pellets 
(PVDF(A)  is  solef  11010  and  PVDF(B)  is  solef  1008,  obtained  from 
Laporte  Trad.,  U.K.)  at  443K  using  a  hot  roller  machine  and  then 
pressing  into  film  of  250  um  in  a  temperature-controlled  hydraulic 
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press.  After  depositing  an  aluminium  electrode  of  2cn  x  2  □  cn 
both  sides  of  the  film,  the  samples  were  thermally  treated  in  an 
evacuated  measurement  chamber  ( <10"^  terr)  at  37  3K  for  -24  hours 
before  any  measurements  were  performed.'  The  dielectric 
permittivity  and  the  dielectric  less  were  measured  using  a  General 
Radio  Bridge  cr  a  Solartron  FRA.  Pyroelectric  activity  was 
measured  by  a  direct  method  (Byer  and  Koundy  1572),  in  which  a 
linear  heating  rate  of  l°C/ain  is  employed.  The  pyroelectric 
responses  were  also  studied  by  a  dynamic  method  (Simhor.y  and 
Shaulov  1971,  Das-Gupta  and  Doughty  19SG)  by  exposing  the  samples 
to  a  veil  focused  light  from  a  tungsten  filament.  Some  results 
obtained  on  PIE2ZL  (composite  of  PZT  and  ~C:  copolymer,  supplied 
by  Daikin  Industries  Limited  cf  Japan)  are  also  presented. 

3.  RESULTS  AND  DISCUSSIONS 

The  tim.e  dependence  cf  charging  currents  in  ?IT/pclyr.er  ccmposites 
are  shown  in  Figure  1.  It  may  be  observed  that  in  all  cases  the 
currents  decreasing  monotonous ly  with  the  time  at  different  rates 
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V.  Charging  currents  *n  PZ7/?VDr  anf  ?i£ZEL  at  36SK  and  he'd 
1.75  x  10*  Vsf1. 


cf  decay.  However,  for  the  two  upper  curves  which  were  obtained 
using  different  types  of  P2T  and  different  FVDF  grades  of  equal 
volume  percentage  between  ceramic  and  polymer  phases,  the 
difference  is  not  so  significant.  The  current  in  rIEZEL  sample  was 
observed  to  reach  steady  state  level  in  the  region  cf  -10^  sec 
whereas  in  the  prepared  composites  the  time  taV.en  is  shorter. 
Indeed,  the  steady  state  level  could  be  reached  at  earlier  times  as 
the  temperature  and  field  are  increased.  The  analysis  of  the 
steady  state  current  in  the  composites  shewed  that  its  behaviour  is 
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governed  by  an  ionic  hopping  mechanism  with  a  substantial 
contribution  from  P2T  phase  at  high  temperatures  (Das-Gupta  and 
Abdullah  1966,  Das-Gupta  and  Abdullah  1987) . 

Figure  2  shows  the  behaviour  of  the  dielectric  permittivity  and 
less  in  the  composites.  In  the  high  frequency  region,  the  values 
cf  z*  are  about  the  saioe  fer  all  composites  but  at  the  lower 
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frequencies,  their  values  tend  to  differ  significantly.  The 
calculated  permittivities  cf  the  prepared  composites  using  the 
equation  given  by  Vac.  ad  a  et  al  (1932)  are  in  good  agreement  with 
the  observed  values  (Das-Gupta  and  Abdullah  1987)  .  The  dielectric 
loss  behaviour  shows  a  bread  peak  in  the  region  103-1C4  Hz  which 
ray  be  due  to  the  relaxation  of  the  polymer  phase  which  occurs  at 
similar  frequencies  and  temperature  region.  The  high  dielectric 
less  at  lower  frequencies  seemed  to  be  significantly  due  to  PZT 
phase  as  had  been  revealed  in  the  previous  results  (Abdullah  and 
Das-Gupta  1937,  Das-Gupta  and  Abdullah  1987). 

The  large  difference  of  losses  at  lower  frequencies  between  these 
composites  ray  be  due  to  the  different  types  of  PZT  being  employed 
which  may  arise  from  their  differences  in  microstructures  (domain 
walls,  crystallite  size  and  grain  boundaries)  .  Furthermore,  the 
added  impurities  (which  are  usually  present  and  of  diffent  kinds 
for  diffent  PZT  types)  ir.to  the  PZT  phase  may  also  cause  such  a  big 
difference  of  c"  values  (Lines  and  Glass  1979) . 
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shoved  a  very  lev  ?(T)  at  lever  temperatures  region,  whereas  the 
ether  two  samples  appear  to  have  similar  ?(T)  values,  rasters  such, 
as  elastir  stiffness  and  therr.al  e>rtar.sitr.  cl  the  ptly-er  and  th.e 

to  the  cbser.'ed  differences  in  p(7)  values  of  the  present  results/' 
in  the  sere  manner  as  th.e  result  of  Galgooi  et  al  (1555)  shewed, 
"cr  ccr.posite_  PZ75/FV7F  (A) ,  although  the  value  cf  p(T)  at  342X  is 
cr.iy  S_  x  lO"3  Ccul/n.-yX  which  is  lower  than  that  of  PIT  ip(T)  = 
51X13"5  Ctul/nn/v.)  at  th.e  sane  temperature,  its  cyroelettrid 

figure  cf  r.erit  p(T)/t'  is  2.5  tire’s  higher  than  that  of  PIT 

(talcing  : '  (Composite)  =55 ,  l'  (?:7)=i2C3) .  Figure  4  shows  th.e 
pyroelectric  pea);  current  I?r^x  detained  hy  the  dynamic  method  as  a 
fur.cticn  cf  piling  fields  at  373  X  and  233  X  in  PIT5/PVDF (A) .  It 
nay  be  observed  that  th.e  data  shews  an  approximately  linear 
relationship  at  the  temperatures  and  within  th.e  range  of  fields  cf 
th.e  measurements.  Obviously  efficient  poling  is  achieved  at  high 
temperatures  and  fields  as  long  as  it  does  net  reach  th.e  breakdown 
field  of  the  samples.  Further  measurements  cn  PI75/FV2F  (A) 
established  a  linear  relationship  between  IPn-.ax  end  p(T>  et  333X 
(see  Figure  5)  as: 

TPmax  =  >■?(")  (1) 


where  K  =  2.1  x  ID-5  n.2.s“*.°K,  which  could  be  considered  as  a 
constant  for  the  sane  sample  material  having  the  same  electrode 
geometry  with  th.e  incident  light  power  and  the  electrical  and 
thermal  time  constant  cf  th.e  system  remain  unchanged. 
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In  ccr.clcsion,  the  steady  state  confection  cf  PZT/T'-'DF  cor.prsitcs 
and  its  dielectric  less  in  the  lew  f  requer.cies  re-9  ion  2“  high 
temperatures  are  significantly  controlled  by  PIT  phase.  A  higher 
pyroelectric  figure  cf  merit  has  beer,  achieved  in  cr.e  cf  the 
composites  cf  PI7/rV£F  as  ccmp-are-d  to  single  phase  FIT. 
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The  possibility  of  employing  thick  film  composite  materials  for  capacitor 
dielectrics  has  been  investigated  using  a  system  in  which  high  permittivity  ceramic 
powders  (.lead  zirccnaie  iitar.ate)  base  been  incorporated  in  a  polymer  matrix  (poly 
(virtylidtne  rtuoride;).  The  results  indicate  that  it  is  possible  to  produce  flexible 
composite  materials  with  dielectric  constants  tw  o  orders  of  magnitude  greater  than 
those  of  capacitor  grade  polymers  such  as  polypropylene.  Commercial  exploitation 
of  such  materials  will  depend  c.n  the  choice  of  ceramic  material,  its  availability  with  a 
small  particle  sice  (less  than  !0pm)  and  good  control  of  processing  in  order  to 
produce  a  good  surface  texture  and  a  low  concentration  of  voids  which  might  enable 
high  nelcs  to  be  applied  without  breakdown. 


I.  :\tso3vct;cs 

The  constant  movement  towards  the  miniaturicatirr  of  electronic  circuitry 
coupled  w  ith  the  need  to  store  larger  energies  in  capacitor  s;  stems  has  fuelled  a 
search  for  new-  dielectric  materials  which  will  enable  a  high  energy  density  to  be 
realtced.  The  present  generation  of  low  leakage  capacitors  employs  thin  f.'.ms  of  non¬ 
polar  polymers  such  as  polypropylene  which  have  a  try  low  relative  permittivity  of 
about  2  but  can  withstand  very  high  fields'.  Indeed,  the  breakdown  field  increases 
with  decreasing  thickness  down  to  a  few  microns  although  the  resistance  of  such 
films  to  heat  damage  is  not  great. 

High  permittivity  ceramics  have  been  traditionally  used  in  high  voltage 
capacitors  because  of  their  high  breakdown  voltages.  However,  they  suffer  from 
poor  mechanical  strength  and  therefore  cannot  be  exposed  to  high  fields.  Th;s 
efiectiv  e!y  means  that  they  cannot  be  miniaturized. 

Considerable  research  effort  is  today  directed  towards  specially  grown  thin 
films  of  materials  such  as  aluminium  oxide  which  might  provide  both  .1  high 
die.cctric  strength  and  a  high  permittivity1.  However,  such  materials  are  not  vet 
available  commercially  ana  their  properties  arc  as  yet  not  fully  established. 
Furthermore,  the  technology  is  not  available  for  producing  such  materials  in  lire 
areas  and  thicknesses  required  for  commercial  applications  in  capacitors. 

<  fcl\e\ «cr  J  ;n  The 
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Kencc.  the  intermedia  approach  has  resn  to  employ  a  composite  materia! 
which  might  combine  the  superior  mechanical,  breakdown  and  fabrication 
properties  of  a  polymer  with  the  excellent  thermal  and  dielectric  properties  cf  a 
ceramic  A  composite  materia!  would  thus  be  formed  by  introducing  a  ceramic  and 

In  the  present  w  ork  the  results  obtained  for  a  system  in  w  hi:h  small  particles  of 
lead  zirccr.ate  titanate  s.PZTi  have  been  mixed  with  polytvjr.ylidene  Suoridei 
(P\'DF)are  reported.  These  materials  may  not  be  the  most  suitable  combination  for 
a  capacitor  grade  composite  but  represent  good  examples  of  their  material  classes. 
They  arc  also  known  to  be  mutually  compatible  and  might  have  other  applications 
in  the  held  of  composite  piezoelectricity. 

2.  EXPERIMENTAL  DETAILS 


truck  net  s. 

Experimental  measurements  were  all  performed  m  a  stainless  steel  vacuum 
chamber  at  a  pressure  of  less  than  1  j” J  Terr.  Temperature  control  to  within  0  25  K 
was  established  using  a  Eurotherm  controller  \  high  voltage  was  applied  to  samples 
fr:m  a  Brandenburg  photomultiplier  supply  and  the  currents  were  measured  with  a 
Kcithlcy  (mode!  616)  digital  electrometer  suitably  interfaced  to  a  microcomputer 
(Acorn  BBC)  which  stored  d.;ta.  plotted  curves  and  pcr:‘crr.)c>:  transformations  on 
line. 

Dielectric  measurements  were  performed  cither  manually  in  the  frequency 
rarj:e  10  Hz-100  kHz  using  a  General  Radio  Bridge  system (model  !  62 1  lor  remote! > 
u«:r,e  a  mic:. ‘compressor-controlled  system  evolved  from  a  Solatron  model  1250 
.requency  rcspon>e  analyser.  This  latter  system  w.»>  capable  of  scanning  the 
frequency  range  from  001  mHz  to  6  5  kHz  with  a  high  resolution. 

1  he  >:»rr.ples  produced  by  milling  and  pressing  tended  to  be  brittle  when  the 
P/A  proportion  was  h*gh  i greater  than  60  w  \  "j  This  could  lead  to  great  disutilities 
when  thin  til:n\  are  required,  especially  if  the  dielectric  is  required  to  conT-.in  to 
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sons  curved  or  otherwise  complicated  surface.  A  possible  solution  to  this  problem  is 
the  incorporation  of  a  third  material  in  the  composite  in  order  to  provide  increased 
flexibility.  A  fluoro-clastomcr  may  ha'  e  the  neccssarv  properties  for  this  application 
but  a  plasticizer  may  be  easier  to  incorporate  into  a  matrix  of  the  t>pe  employed 
here. 

We  have  investigated  the  use  of  plasticized  samples  in  a  limited  manner.  Vs' • 
first  partially  dissolved  PYDF  pellets  in  a  warm  mixture  of  meth\l  sulphoxidc  2nd 
dimethyl  formide  solvents  to  which  measured  quantities  of  trioctyl  phosphate  and 
dioctyl  phthalatc  plasticizers  were  added.  On  cooling.  2  suspension  of  PYDF  was 
obtained  which  could  be  mixed  easily  with  PZT  powder  to  form  a  composite.  The 
mixtures  were  allowed  to  dry  slowly  in  a  flow  of  moist  nitrogen  and  then  were 
pressed  into  thick:  Aims  (ICO pm  thicknessi  at  room  temperature.  These  were  then 
vacuum  dried  for  24  h  to  remo'e  all  traces  of  solxcnt  before  being  conditioned  at 
333  K  to  impro\e  texture.  The  films  were  electrobed  and  their  characteristics 
measured  in  the  manner  described  abc\e. 

3.  RESL  ITS  AND  DISCUSSION 

T\p:cal  charging  and  discharging  transients  for  PZT  and  a  composite  sample 
with  a  high  (7o°0)  PZT  content  are  shown  in  Fig.  1.  It  may  be  observed  that  at  333  K. 
and  for  a  low  field  of  0.16  MY  m“ 5  a  steady  state  conduction  current  is  achieved 
within  IOCO  s.  Similar  behaviour  was  found  at  all  temperatures  above  313  K  and  for 
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Figure  2  shows  sinilar  data  for  pure  Pk  DF  and  for  a  composite  sample 
containing  equal  values  of  PVDF  and  PZT.  The  charging  currents  arc  lowest  for 
PVDF  and  it  may  be  observed  that  the  current  after  10000s  increases  as  the 
proportion  of  PZT  is  inreeased. 


•>- e  'tt:%  ! 

F  ;.  Chargtr.;  ae.i  ii»e!irg!rg  current  t-ar.ster-s  ?VCF  arc  :n  a  iOvct*.  PVDF  cempcstte  a: 
N  (fetj.  t  i  a  t0;  V  m  ‘ ] 


The  discharge  currents  obser. ed  "hen  the  applied  held  was  removed  were 
opposite  ij  polarity  to  the  charging  currents  in  all  cases  and  were  smaller  tn 
magnitude.  This  suggests  that  the  dominant  mechanism  responsible  fer  such 
currents  was  dipolar  reorientation.  In  all  cases  except  for  pure  PZT,  the  transient 
current  dominated  the  conduction  current. 

The  discharging  current  transients  may  be  transformed  into  the  relevant  low 
frequency  dielectric  loss  information  using  Fourier  analysis  or  by  the  Harr.on5 
approximation.  The  loss  factor  e"  at  frequency  /  is  related  to  the  discharge  current  lc 
at  lime  I  s  following  the  removal  of  the  held  t  (=  V'£\  where  V  is  the  voltage  and  d 
the  thickness,  by  the  equation 


£"(/) 


/<(/)  /„(0.l//) 

2-  fc.v  :-c,  i'¬ 


ll) 


where  C,  is  the  geometric  capacitance  of  the  electrode  assembly  without  the  sample, 
V  the  magnitude  of  the  step  voltage  and  f  the  Hamon  frequency  given  by 
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The  approximation  is  only  valid  provid'd  that  the  charging  time  exceeds  the 
recorded  discharging  time  by  about  an  order  of  magnitude.  In  the  present  work  the 
charging  lime  was  lOCOOs  which  allows  us  to  transform  discharging  data  up  to 
1000 s  and  provides  low  frequency  loss  information  :o  frequencies  as  low  as 
JO"4  Ha. 

Low  frequency  loss  spectra  for  PZT.  PVDF  and  a  50'  o! . \  PZT- 50  vol.°0PV Dr 
composite  sample  are  shown  in  Fig.  3  in  which  the  loss  factors  for  PVDF  and  for  the 
composite  sample  have  been  multiplied  by  a  factor  of  10  in  order  to  improve  clarity. 
A  peak  may  be  observed  for  PZT  in  the  vicinity  of  1  mHz  and  w  ith  a  magnitude  of 
90.  This  may  be  due  to  ionic  impurities,  to  the  motion  of  protons  or  to  the  presence  of 
electronic  space  charge  which  may  be  trapped  at  domain  walls.  This  last  possibility 
rr.av  be  quite  likely  in  a  ferroelectric  material  such  as  PZT  w  hich  is  highly  polar.  No 
pea*  may  be  observed  in  the  other  materials  but  it  is  probable  that  the  loss  process 
does  oeak  at  this  temperature  but  at  a  lower  frequency  and  outside  the  range 
investigated  in  the  present  w  ork.  This  is  consistent  with  our  earlier  work  in  which  w  c 
observed  the  z,  relaxation  in  PVDF  at  0.1  mHz  at  353  K..  This  has  been  attributed  to 
an  intcrfacial  polarization  at  crystalline-amorphous  boundaries  or  to  the  rubbery 
how  of  polymer  chains.  The  similarity  between  the  low  frequency  behaviour  of  the 
composite  material  and  that  of  pure  PVDF  suggests  that  the  polymer  properties 
dominate  the  dielectric  behaviour  of  the  polymer. 

•:$  - 


Frj:  }.  Lou  rrc^ornjj  <Jie*ectr>c  Io>»  spectra  for  PZT.  PVDF  and  the  composite  jt  K  us.rg  the 
H«im»T  * pprovimjtion 


We  have  shown  elsewhere4  that  the  conduction  process  in  PVDF  at  high 
temperatures  and  at  high  fields  is  best  described  by  an  tonic  model  with  an  average 
jump  distance  of  3.5  nm.  The  electrical  conduction  tn  a  crystalline  ceramic  such  as 
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According  to  Lawson’,  the  high  field  dependence  of  the  ionic  conduction 
current  /,  is  given  by  an  expression  of  the  form 


1,(T)  =  /0(71exp 


(•) 


where  /0  is  a  temperature-dependent  constant  incorporating  the  thermal  activation 
energy,  e  is  the  electronic  charge,  j  is  the  jump  distance  and  k  is  3oltzmanr,'s 
constant.  Hence,  plots  of  log  I,  is.  £  or  voltage  should  yield  straight  lines  from  which 
the  average  jump  distance  may  be  evaluated.  From  the  gradients  over  the  linear 
portions  of  Figs.  4  and  5  the  average  jump  distances  in  PZT  and  in  the  composite 
were  calculated  to  be  ~6  nm  and  43  nn  respectively  w  ith  an  uncertainty  of  5  net. 
These  results  seem  to  indicate  that  the  role  of  PZT  is  dominant  in  the  conductiv  ity  of 
the  composite.  However,  the  analysis  given  above  should  be  treated  with  some 
caution  as  the  range  of  fields  employed  may  not  extend  to  a  sumciently  high  level  to 
ensure  that  an  ionic  mechanism  operates.  Indeed,  the  deviation  from  ohmic 
behaviour  was  observed  to  be  only  slight  in  the  case  of  PZT.  !n  the  present  work  we 
have  deliberately  not  considered  alternative  models  such  as  the  Schottky  effect  and 
Poole-Frenkel  conduction  as  these  may  not  be  app.opriate  in  polymer  systems 
below  fields  of  the  order  of  10  M  V  m" It  may.  of  course,  be  necessary  to  consider 
such  processes  with  the  thinner  films  which  may  be  appropriate  to  capacitor 
systems. 

The  dielectric  constant  for  a  two-phase  system  with  spherical  dispersions  has 
been  expressed  by  the  formula* 

:n-.v)c,  Tina. 

-xic:  1-1 

where  x  is  the  volume  fraction  of  the  inclusion,  ar.d  c.  and  r-  are  the  dielectric 
constants  of  the  respective  phases.  We  refer  to  this  as  formula  A  for  the 
determination  of  the  dielectric  constant.  This  is  a  general  formula  for  mixtures.  In 
our  examples,  the  dielectric  constant  of  the  filler  'phase  3l  is  much  larger  than  the 
dielectric  constant  of  the  continuous  phase.  Hence,  we  may  simplify  cqn.(4|  by- 
omitting  all  reference  to  the  dielectric  constant  of  the  ceramic.  This  leads  to  the 
reduced  equation’ 


£ 


1  +  2.x 
1  -x  £ 


(5) 


We  refer  to  this  as  formula  8. 

In  Fig.  6  we  have  plotted  the  experimental  v  alues  of  the  relative  permittivity  of 
the  composites  as  a  function  of  the  volume  fraction  of  PZT.  These  data  were 
obtained  at  a  frequency  of  I  kHz.  In  general,  the  values  would  be  expected  to  be 
higher  at  lower  frequencies.  On  the  same  graph,  we  have  drawn  the  theoretical 
permittivity  curves  using  the  above  formulae.  It  may  be  observed  that  a  linear  model 
would  be  superior  to  either  model  A  or  model  B  but  that  model  B  prov ides  a  closer 
fit  than  model  A  docs  at  high  \  olumc  fractions  of  PZT.  This  result  suggests  that  the 
permittivity  of  the  ceramic  is.  indeed,  unimportant  and  that  we  need  to  consider  only 
(he  polymer  when  fabricating  a  high  permittivity  composite. 

The  above  analyses  arc  based  on  the  assumption  that  the  ceramic  powders  may 
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Fig.  6.  Thrcrc'.’csi  ( — — .  rr^cc!  A:  moo'd  3t  ar.J  ( x  )  ctp'er.wsncc;  of  pcrr".::::\.:y  on 

ihe  >olurr.e  fr&cuor.  of  P2T. 


b:  regarded  as  a  spherical  inclusion  in  an  amorphous  polymeric  matrix.  This  veil!  net 
generally  be  the  case  because  of  the  spherulitic  properties  of  a  sem.icrystalline 
polymer  which  may  inf.uence  the  binding  sites  and  because  the  structure  of  the 
ceramic  particles  mav  not  be  consistent  -»v;th  sohcrical  summitry.  Processing  by 
draw  ing  or  rolling  may  also  base  an  effect.  This  possibility  may  be  accounted  for  :n  a 
binary  system  by  assuming  that  the  included  particles  are  eliipsoidal.  the  principal 
axis  being  in  the  x  direction8. 

This  produces  a  more  complex  expression  for  the  permittivity  of  the  composite: 


.V.V(£.-C.) 

•XT  -h  (c ;  —  c  I  K 1  —  x)  ~ 


|6) 


Most  of  the  symbols  arc  as  previously  defined  above  and  .V  is  a  shape  parameter 
w  hich  can  be  adjusted  to  nt  the  experimental  data. 

In  Fig.  7  wc  have  replotted  the  experimental  permittivity  data  for  the  composite 
sample  as  a  function  of  the  volume  fraction  of  PZT.  Wc  have  also  drawn  theoretical 
curves  corresponding  to  cqn.  16)  for  various  values  of  the  shape  parameter  .V.  It  may 
be  observed  that  no  curve  passes  through  all  the  experimental  data  points  but  that 
the  .V  =  3  case  provides  the  best  fit.  This  is  effectively  the  spherical  case  which 
implies  that  this  more  complex  model  may  be  no  better  than  model  B.  It  is  possible 
that  the  shape  parameter  may  itself  be  a  function  of  the  volume  fraction  of  ceramic. 
Physically,  this  could  be  a  consequence  of  panicle  attraction  or  of  riitTering 
distortion  as  a  result  of  hot  pressing.  It  is  interesting  to  note  that  eqn.  (6)  reduces  to  a 
linear  model  when  \  =  0.  However,  this  is  not  a  reasonable  possibility  in  the  present 
case  and  it  w  ould  require  the  polymer  to  hjvc  7crp  permittivity. 
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As  mentioned  previously,  the  experimental  values  cited  above  are  those 
easured  at  1  kHz.  For  capacitor  applications,  lower  frequency  information  may  be 
ore  relevant,  especially  if  device  operation  is  to  be  at  mains  frequencies  (50-60  Hz). 
Fig.  8  we  present  the  frequency  dependence  of  the  relative  permittivities  of  PZT, 


D.  K.  DaS-GL'PTa.  K.  DOUGHTY 


102 


PVDF  and  a  composite  of  the  two  materials.  In  order  to  optimize  ihe  vertical  scale 
we  have  multiplied  the  PVDF  data  by  10  and  divided  the  PZT  data  by  10.  It  may  be 
observed  that  there  is  little  percentage  change  in  the  PZT  permittivity  over  four 
decades  of  frequency.  lr.  contrast,  the  permittivity  of  pure  PVDF  increases  by  nearly 
-0%  as  the  frequency  is  decreased  from  100  kHz  to  10  Kz.  The  behaviour  of  the 
composite  material  is  similar  to  that  of  the  polymer  alone  and  it  may  be  observed 
that  values  of  permittivity  in  excess  of  1O0  may  be  obtained  at  the  lower  frequencies. 

In  order  to  explain  the  frequency  dependence  of  the  dielectric  properties,  we 
have  plotted  the  frequency  dependence  of  the  dielectric  losses  of  PZT  and  of  PVDF 
in  Fig. 9  at  353  K.  The  :c  process  in  PVDF'  may  be  observed  to  peak  at  about 
SO  Hz.  whilst  a  broad  process  is  evident  in  PZT.  Although  the  relative  magnitudes  of 
the  loss  processes  are  similar,  the  process  in  the  polymer  is  more  significant  because 
it  implies  a  loss  tangent  of  0.1  compared  with  0.00!  in  PZT. 


Fig.  9  Frequency  dependence  of  the  dielectric  toss  in  PZT  zed  PVDF  ai  yyr  K. 

The  frequency  dependence  of  the  loss  process  in  the  composites  is  shown  in 
Fig.  10.  The  behaviour  is  again  similar  to  that  of  the  polymer  up  to  50%  PZT 
content.  No  peak  may  be  observed  in  the  75%  PZT  case  but  this  may  be  simply 
because  of  the  increasing  ionic  clTcct  or  the  presence  of  an  interfacial  polarization. 
However,  it  may  be  significant  that  the  actual  level  of  dielectric  loss  increases  as  the 
fraction  of  PVDF  decreases.  Wc  believe  that  this  may  be  the  result  of  decreased 
steric  hindrance  in  the  presence  of  a  filler  rather  than  some  more  specific  interaction 
mechanism. 

Finally,  we  have  performed  some  preliminary  measurements  on  plasticized 
composites.  These  samples  showed  superior  mechanical  properties  and  were  easier 
to  process  than  the  simple  binary  sample.  However,  it  vvas  pe>ssib!c  that  the  effect  of 
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Fig  II.  Temperature  dependence  of  the  dielectric  loss  in  plasticized  PVDF  *ith  and  without  PZT 
tfrequcncj'. 1  kHH 
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favourable  temperatures  or  '.ha;  ;h:ir  magnitudes  wou’d  become  exceedingly  large. 
The  resuiis  shown  in  Fig.  11  prove  ;hai  this  is  not  ;he  case.  Ftum  the  tempeta'ure 
dependence  of  ;he  dielectric  icss.  only  two  peaks  may  be  observed  both  for  the 
PVDF-PZT-plasticicc;  and  for  PVDF  with  plasticizer  only.  These  peaks  agree  we.! 
in  terms  of  temperature  and  frequency  with  the  two  fundamental  relaxations  of 
PVDF,  the  e,  and  the  n.  processes.  These  are  believed  to  be  due  to  molecular 
motions  in  the  amorphous  and  crystalline  regions  respectively. 

It  may  be  observed  from  Fig.  11  that  both  the  above  processes  are  considerably 
increased  in  intensity  by  the  addition  of  PZT  but  that  the  effect  of  the  plasticizer  is 
comparatively  ir.signif.csnt.  Hence,  there  may  be  no  deleterious  effect  of  adding  an 
acer.;  to  increase  flexibility.  It  may  aso  ne  of erest  to  note  that  the  z,  process  is 
affected  more  by  the  presence  cf  the  PZT  than  the  ec  process  is.  The  reason  r-r  this  is 
r.ot  ciear  but  would  most  probably  be  because  the  PZT  particles  And  their  way 
preferentially  into  the  amorphous  phase.  The  ;.  process  appears  to  be  associated 
with  chain  folds  and.  hence,  might  be  mere  influenced  by  mechanical  orientation10 
or  'ey  the  dipolar  alignment  in  a  high  d.c.  fleid' 

-.  CONCLUSIONS 


'Ve  have  prepared  composite  materials  by  combining  a  high  pe 
ceramic  with  a  thermoplastic.  The  resulting  samples  can  be  processed  a. 
with  simple  apparatus  but  tend  to  become  brittle  when  the  ceramic  ccr.'.e 
The  addition  of  plasticizer  or  elastomer  improves  the  mechanical  chara 
without  decreasing  the  e.ectrica!  strength.  Relative  permittivities  of  the  or; 
can  be  obtained  with  these  materials  provided  that  the  dielectric  cor.sta 
polymer  is  sumeienth.  high.  Although  the  electrical  ccndiccuv  ity  cf  the  ccn 
governed  by  the  ceramic,  the  dielectric  properties  are  similar  to  these  of  the 
For  capacitor-;;  pe  applications  it  is  necessary  to  employ  small  oar 
high  resistivity  ceramic  incorporated  into  a  matrix  containing  a  mixture 
permittivity  polymer  with  a  rubber,  plasticizer  cr  elastomer.  Care  must  bs 
ensure  that  no  dielectric  relaxation  occurs  around  room  temperate 
frequency  of  interest. 
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APPENDIX  a:  NOMENCLATURE 

C,  geometric  capacitance 
d  sample  thickness 
e  electronic  charge 

£  electric  field 
/  frequency 
/a  discharging  current 
conduction  current 
!0  lenipera'ure-dependent  constant 
j  jump  distance 
k  Boiuiiiar.n's  constant 
•V  shape  parameter  of  filler  particles 
t  time 

T  temperature  (K) 

V  voltage 

x  volume  fraction  of  filler 
£  permittivity  of  composite 

£,  permittivity  of  the  polymer  (matrix  phase) 

£>  permittivity  of  the  PZT  (filler  phase) 

£ '  dielectric  loss  factor 
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Ferroelectric  ceramics  such  as  Lead  Zlreor.ate  Tna- 
na:e  tPZT)  and  BaTiO-.  na\e  high  dielectric  permittiv¬ 
ity.  high  piezo  and  py rotltctric  coefficients  and  high 
electromechanical  coupling  which  make  them  scry 
useful  in  numerous  applications,  notably  in  high  energy 
storage  capacitors,  acoustic  emission  detection,  \idi- 
gon  targets,  medical  imaging  systems  etc.  However, 
their  poor  mechanical  strength  and  relatively  high 
'clue  of  acoustic  impedance  hate  restricted  thetr  use 
in  some  applications.  On  the  other  hand,  piezoelectric 
pointers  such  Polys ir.ylidene  Fiuoride  tPN'DFi  and 
its  copolymer  with  trifluorethyitne  (TrFEi  base  rela¬ 
tively  low  acoustic  impedance  which  could  preside  a 
good  acoustic  matching  to  st  aler  or  tissues.  Moreoser. 
its  good  mechanical  strength  mattes  it  a  sery  attractive 
material,  although  its  piezo  and  psroe!ec:ric  cocf- 
ficent  are  relatively  loss-  as  compared  to  ceramics. 
Th:*efore.  a  ferrce'ectric  composite  mas  be  designed 
to  combine  the  superior  electro-active  properties 
of  the  ceramics  and  the  mechanical  properties  of 
polymers. 

The  composites  can  be  prepared  by  several  methods, 
such  as  by  embedding  a  piezoelectric  rod  ceram.rc  in  a 
polymer  matrix,  by  a  replamineform  process  and  by 
mixing  ceramic  and  polymer  phases  together  at  ccr- 
ttun  temperatures  [1-3].  The  latter  method  :s  cor.- 
% cr. rent  as  the  compos:. c  could  be  prepared  to  any 
desired  size  and  composition.  The  present  work  reports 
the  result  of  a  study  of  absorption  currents  as  well  a? 
the  dielectric  and  p>  roelectric  properties  of  PZ1  P\  DF 
composites. 

Composite  samples  were  prepared  from  PZT 
ceramic  powder  (obtained  from  Unilator.  UK)  mixed 
up  with  P\  DF  (grade  Solef  1 1010.  supplied  fcv  Laporte 
Trad..  UK)  at  443  K  using  a  hot  roller  machine.  The 
film  was  ihcn  pressed  to  approximately  200  pm  and  an 
aluminium  electrode  of  2cm  x  2cm  was  \aeuum 
c\  aporated  on  both  sides  of  the  film.  The  samples  were 
tltcn  thermally  treated  in  an  cvaucatcj  measurement 
chamber  (<  10  'riorr)  at  373  K  for  24  hours,  before 
current  absorption  measurements  were  performed. 
The  dielectric  dispersion  measurements  were  made 
using  a  General  RaJio  Bridge  (type  1621)  or  using  a 
system  comprising  of  a  Sol.irtron  frequency  response 
analyser  and  BBC  microcomputers  which  hate  recently 
been  descloped  at  UNCNV,  Bangor.  The  pyroelectric 
currents  were  measured  using  a  direct  method  (4]  by 
applying  a  linear  healing  rate  of  approximately 
I’Cmin'1  to  the  samples  which  have  been  poled 
appropriately.  Absorption  currents  and  dielectric 
measurements  were  also  made  with  PZT  discs  and 
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piece!  'a  composite  of  PZT  and  PVDF  cepe!1. men. 
marketed  by  Daikin  Industries  Ltd.  Japan*. 

Fig.  i  shews  a  set  c1' charging  earner's  a:  d  merer t 
fields  at  363  K  in.  a  PZT'pvDF  ccmpcs/c  whh 
50  v  el  %  PZT.  it  may  be  observed  that  the  earner.: 

time  and  higher  jteids  the  rate  of  decrease  is  reduced 
possibly  due  to  the  tendency  to  reach  a  steady  state 
level.  The  observed  broad  peak  at  low  charging  felds. 
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Figure  2  Charging  {*)  and  discharging  (•)  currents  in  PZT  PVDF 
at  different  compositions  at  .'6?  K  »»iih  poling  field  7  w  10*  Vm*'. 
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Isojhror.a!  jharg.rg  currcr/.s  ii  !0**cc  sr.  PZT  pVDF  u-.J 
.  * ;  r  ZT  1 5Cl  \ o.  *  t )  PVDF.  -  •  i  piczc!.  » i »  PZT  ; \oI 1  * i  p\  Dr 

which  moves  :o  shorter  times  a;  higher  held', 
he  cue  to  space  charges  in  PVDF  [5j.  Typical  sets 
cf  charging  and  discharging  currents  in  the  compo¬ 
site  are  shown  in  Fig.  2  at  the  charging  field  of 
2  <  10' Vm'1  at  ?65  K  for  10  and  50 sol  “o  PZT.  The 
polarity  of  the  discharging  currents  has  been  reversed 
for  c’ariiv.  For  discharging  currents,  the  variation  cf 
the  slope  is  very  small,  i.e.  between  0.92  ar.d  0  i'9  for 
changes  in  PZT  composition. 

The  behaviour  of  isochronal  charging  currents  !:  e. 
the  current  at  constant  times)  at  10' sec  at  held  cf 
5  5  <  10’  Vm"1  in  the  composite  is  shown  as  a  func¬ 
tion  of  temperature  in  Fig.  5.  The  corresponding  beha¬ 
viour  of  pieccl  is  also  plotted  for  comparison.  In  all 
cases,  the  current  increases  with  temperature  although 
the  nature  of  the  increase  is  different  in  the  three  cases. 
A:  low  temperature,  the  difference  in  current  is  very 
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F<gurr  4  Ivochron.l  chjrgmg  currents  jt  10'  see  as  a  funclu-n  of  field 
in  PZT,  PZT  PVDF  and  pieret  al  !4J  K  (.1  PZT.  (•)  PZT 
(SOvolV)  PVDF.  (O)  pierel.  (M  PZT  (lOvol  •'.)  PVDF 


email  h.t  ;-e  te.-pe-atu-r  --.-aches  5:- 5  K.  a  dif¬ 
ference  of  about  .1  factor  of  -  5.i  is  found  in  PZT 
PVDF  composites  with  10  .mj  Civ,;1',  PZT.  a.ca.n 
indicating  the  significant  contribution  of  the  PZT 


charging  current  plotted  as  a  function  of  field  for  PZT. 
PZT  P\  DF  and  pic/cl.  Using  the  expression  for  a 
steady  state  current.  /..  as  derived  by  Mon  and 
Gurney  >j 

/,  =  A  c\p  (  -  a  k  T  i  ex  j>  (cdE  2 k  T )  ( 1 1 

(where  A  :s  a  constant.  ,u  the  aotiv.  tion  energy.  < i  the 

meanings  I.  the  jump  distance  for  PZY  ;s  found  to  be 
-  90:.m.  whereas  for  piezcl.  .A  =  2S  nrr.  and  for  PZT 
<50voi  hi  PVDF. ./  =  Srm.  Itmavb-  observed  that 
except  for  the  PZT  curve,  the  values  of  the  charging 
current  at  1 G"  sec  are  not  the  steady  state  current  for 
the  other  curves  and  hence  the  calculation  of  u-v  alues 
for  these  curves  may  not  be  appropriate  for  com¬ 
parison  with  PZT  curves.  Indeed,  the  values  of  A  for 
piece!.  calculated  from  steady  state  currents  is  greater, 
i.e.  -cynm.  hence  the  .e-values  for  the  PZT'pvDF 
composite  are  expected  to  be  greater  than  the  values 
calculated  at  10‘sec.  Comparing  the  PZT  PVDF 
curves  at  10  and  50\ol  c5  PZT  shows  the  addition  of 
more  PZT  phase  will  increase  the  A-valjes 

Fig.  5  snows  the  behaviour  of  permittivity.  and  a" 
with  frequency  for  PZT  PVDF  composites  and  pieze! 
at  565  k'  The  V-values  for  PZT  1 50  v  el 0 cl  PVDF  and 
piez-el  have  been  divided  by  -0.  for  the  purpose  of 
clarity.  It  may  be  observed  that  the  c  values  for 
PZT  PVDF  tend  to  increase  at  lower  frequencies  and 
reiax  at  frequencies  higher  than  10kHz.  while  for 
piezcl  the  variation  in  c  v  alues  are  not  as  much  as  that 
of  PZT  PVDF  composites.  According  to  Yam.ada  c: 
at.  I";,  the  permittivity  for  the  composite  system  :s 
c  i  \  c  r.  it  s : 

r.q(c:  -  £,) 

£  =  C,  1  4-  - - - - 

/?£,  -r  (£:  -  C,  HI,  - 

where  n  is  the  parameter  attributed  to  i he  shape  of  the 
ellipsoidal  particles,  q  the  volume  fraction  of  the  ellip¬ 
soidal  particles,  r.  the  permittivity  of  the  continuous 
medium  and  r:  the  permittivity  of  the  ellipsoidal 
particles.  Taking  the  values  of  r,  =  II  (PVDFT 
r;  =  1 240  (PZT)  and  the  v aluc  of  w.  chosen  as  $  to  fit 
Equation  2.  the  calculated  values  of  relative  permit¬ 
tivity  at  1  kH*  arc  r.'  =  20  (for  10vol%  PZT)  and 
c.'  -  90  (for  50vol  %  PZT)  which  arc  in  good  agree¬ 
ment  with  the  observed  values  {see  Fig.  5). 

The  dielectric  loss  behaviour  (Fie.  5)  of  the  PZT 
PVDF  and  pic/cl  composites  show  relaxation  with  a 
broad  peak  which  may  be  due  to  the  relaxation  of  the 
polvmcr  PVDF  which  occurs  at  a  similar  frequency 
and  temperature  ranee.  The  loss  is  seen  to  increase 
considerably  at  low  frequencies  for  higher  content  of 
PZT  in  PZT  PVDF.  indicating  the  dominance  of  PZT 
at  low  frequencies. 

Fig.  6  shows  the  dielectric  loss  behaviour  against 
temperature  in  the  composite  of  PZT/ PVDF  and 
piezel.  The  observed  peaks  which  occur  at  -  >60  K  in 
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PZT  PVDF  and  at  '  J50  K  in  ptczel  are  due  to  re;:-.\3-  ;  _ 

tien  which  is  associated  with  molecular  motions  m.  the  r  c: 

crv-taiiine  region  of  the  polymer.  Th«  observed  va.ces 

of  c"  also  demonstrate  the  s u b s a r. : i a !  centributicn  cl  "  "ere  !■  is  tr.e  sncrt-orcui'.  pv roc.ec.ru  -it. ■  e 
:'■>»  '-  'h  PZT  phase  center',  of  PZT  p\  DF  ccm.-  sam.p.e  area  arid  v. i  is  .he  c  •  '•t- 

at  rich  temperatures.  pe-ature  i: Csec" :  1.  Fig.  S  shows  the  cakular 

A  typical  raf.ern  of  thermally  stimulated  cements  elec::;:  coetbcients  is  a  function  oKem.purate 

ran  in  PZT  PVDF  with  50 \ cl c  o  PZT  is  shown  -re  cvvcko  PZT  o:  PZ  I  P'' Dr  .c.  pc?... 

F:g.  ‘  The  sample  was  poled  in  air  at  a  “.e'J  of  -ere  obtainea  iron  tr.e  reversio.e  tne—.u..:  s. 

Vmr‘  ar.d  a  ter.-,  pc  rat  we  of  e”e  K.  for  f  i  h.  c.rrer.t  data.  It  may  re  o  rser'-  eh  that  .re  va.u 

and  then  cooled  to  room  temperature  under  the  fe  d.  PZT  rcO'-ci  ‘  ci  F\'DF  is  -4  5  x  10"  C 


pe-atare  tsCsec*!>.  Fig.  S  shows  the  calculated 
electric  ooeftkients  as  ?.  function  of  temperature  : 
_r.d  50\o.‘i  PZT  of  PZT  PVDF  oompesites  •• 


-eh  roied  PVDF  •  1'  'Cm‘:K'  i  at 


.  ;  cr.-er.ation  had  been  mace  by  Shaki::.. •  h:  ■  ever.  me  .tte.ec'.ric  os?  procc>?  .  e-.t  . 

. ;  a.'  ;*l  in  which  no  peak  had  been  observed  below 

3"K  'or  a  composite  of  PZT  polyethylene.  The 

second  heating  shows  a  subs'ar.tial  reduction  ct  cur- 

rent  as  >cmc  charges  have  been  released  during  the 

firs:  healing.  The  third  subsequent  heating  shews  no 

uppreetab’e  current  reduction,  thus  a  reversible  p>ro-  •’  11 

electric  current  is  established.  The  pyroelectric  coet-  / 

ficteni  pi  T  i  can  be  evaluated  using  the  relaticm  * 


/ 


in  m  in  in  30  )SJ  in  in  ns 
r  iki 


:n  ?*i  is)  v\  in  in  n>  isi  hi 
r  u  1 


Fifu'c  *>  [)ii’!rctric  InM  Nchu%it*ur  tcmpcf.*«fufc  to  t*Z.T 

PVDF  jnJ  p.cstl  .,1  I  Ills  1.1  PZT  iSOvol  *•)  PVDF.  i*l  ric/cl.  F'ru'r  7  Thermally  mmuljird  cui.-tnl  .n  PPT  iSOvol  *'.l  PVDF 
IOj  PZT  1 10  v..|  *,)  p\  [>F  F.r  1C  -  10  V  m  ' T9  -VI V  K.  fp  C  S  h  Run  i  v)  1 .  (•!  C.  IO)  3 


69 


:  :*:3  3-3  3:3  333  2^3  2:3  2:3  2*3 

7  IK] 

P>'o:;?::nc  coefficient  of  PZT  p\  DF  at  duTc-eni  ten- 
£P:  7  x  I  O'  Via*1.  rf:  5'3K.  tr:  2Sh.  i‘)  PZT 
i  PVDr.  iC)  PZT  (10 vo’. *i)  P\  DF 

me:  phase  with  seme  substantial  contribution 
e  PZT  phase  at  low  frequency  and  high  tern* 
:  regions.  A  significantly  high  pyroelectric 
r.t  and  dielectric  permittivity  have  been 


achie \eJ  in  PZT  i50xol r  c  i  P\  OF  composite  as  com¬ 
pared  to  the  single  phase  pobmer. 
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ELECTROACTIVE  PROPERTIES  OF  POLYMER- 
CERAMIC  COMPOSITES 

|  D.  K.  DAS-GUPTA  and  M.  J.  ABDULLAH 

j  School  of  Electronic  Engineering  Science,  University  College  cf  Sort/:  Wj.'cj, 
f  Dean  Street,  Bangor  t  Gwynedd  LL57  1UT 

(Received  Mcrch  S, 

The  r,2ture  of  absar—.ien  2 r.d  steady  stats  electrical  ccncveticn  2S  wc;]  as  the  dielectric  3rd 
pyroelectric  behaviour  have  been  studied  for  polvmer/ccrarr.tc  eorr-posttes.  Experimentally  cbscr-cd 
.values  of  pyroelectric  ces5tcicnt  and  dielectric  p'errr.itdvtty  for  various  P2T  content  of  ?Z7,  PVC  F 
comp-osites  seem  to  2gree  well  w ::h  the  calculated  values.  A  high  dielectric  permittivity  cf  polymer 
coupled  with,  high  pyroelectric  activity  of  PZT  may  ccetributc  to  the  high  pyroelectric  coedicitnt  In 
the  ?ZT,  PVDF  composites.  The  dicicctric  toss  proceases  cf  the  polymer  ceramic  composites  are 
observed  lo  be  dominated  by  [hose  of  the  polymer  whereas  the  ceramic  phase  may  contribute 
significantly  to  the  steady  state  electrical  conduction  which  Is  suggested  to  be  of  ionic  origin. 

I 

I !.  INTRODUCTION 

The  use  of  ferroelectric  devices  based  on  tiianate  and  r.tobate  ceramic  materials 
are  expanding  ar.d  is  expected  lo  give  a  greater  impact  in  electronics  industry  in 
the  future.  However,  their  use  in  some  engineering  applications  may  be  restricted 
due  to  its  poor  mechanical  strength  and  ir.f.exibiiity.  Ferroelectric  polymer 
materials  such  as  polv-vir.yitder.e  f.eericte  (PVDF)  ar.d  its  copolymer  such  as 
vinylider.e  tritLjortde/vir.ylider.e  fluorice  and  vir.ylider.e  f.uoride.'trif.ucrcethyler.e 
have  recently  been  employed  for  medical  and  industrial  transducer  applications. 
Relative  ;o  ceramics,  they  are  flexible,  tough,  light  ar.d  provide  a  good  acoustic 
matching  to  water  and  biologies!  tissue.  Furthermore,  thin  hires  of  these  polymers 
can  be  cut  cr  ben!  into  complex  shapes,  which  could  provide  a.n  added  advantage 
as  compared  to  ferroelectric  ceramics,  although  '.heir  pieao-and  pyroiectric 
coefficient  are  relatively  lower. 

In  recent  times,  ferroelectric  composites  of  ceramic  and  polymer  have  received 
considerable  attention  due  to  their  good  pieaoeiectric  properties  for  transducer 
applications. 1,3  There  are  many  ways  in  producing  poiymer-ceramic  composites, 
but  the  simplest  method  is  by  introducing  the  ceramic  particles  into  the  polymer 
matrix.  The  polymcr-ccr3nic  composites  thus  constitute  a  new  structure  which 
might  differ  in  many  respects  from  their  stn.clc  phase  components.  Hence  the 
design  of  the  composites  with  optimum  properties  becomes  very  challenging  since 
its  properties  do  not  only  depend  on  the  materials  and  the  compositions  but  also 
on  their  interconnections.  Such  composites  would  exhibit  pictro-  and  pyroelectri¬ 
city  if  they  arc  suitably  poled.* 5  The  pieaoeiectric  constant  for  the  composite 
depends  on  the  pieaoeiectric  constant  of  the  dispersoid.  the  dielectric  permittivity 
and  the  clastic  constant  of  both  the  phases. 

Similar  dependency  may  also  be  observed  for  the  pyroelectricity  of  the 
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composite.  A  detailed  investigation  is  still  needed  to  develop  the  material  with 
optimum  practical  vaUcs  for  various  applications. 

Composite  of  PZT/PYDF  have  been  prepared  in  our  laboratories  and  the 
nature  of  their  absorption  currents  have  already  been  reported.13  Present  work 
reports  the  results  of  absorption  current  studies  of  a  commercially  available 
composite  of  a  PZT, 'copolymer  VDF  (PIEZEL)  together  with  quasi-steady  state 
conduction,  dicicctric  and  pyroelectric  behaviour  cf  PZT,  PVDF  composite  and 
PIEZEL.  Some  limi'ei  results  of  steady  state  conduction  and  dielectric  studies  cf 
PZT  has  also  been  provided. 


2.  EXPERIMENTAL 


PZT, 'PVDF  composites  art  prepared  from  PZT5  ceramic  powder  (supplied  by 
Unilator,  U.K.)  mixed  up  with  PVDF  pellets  (grade  Solef  11010,  obtained  from 
Laporte  Trad.,  U.K.)  at  443K  using  a  hot  roller  machine  and  then  pressing  into 
film  of  approximately  200  urn  in  a  temperature  controlled  hydraulic  press.  .After 
depositing  an  aluminium  electrode  of  area  2  cm  x  2  cm  and  thickness  700  A  on 
both  sides  of  the  sample  him,  they  were  then  thermally  treated  in  an  evacuated 
(<iO"!torr)  measurement  chamber  at  373K  for  24  hours  with  their  electrodes 
shorted  before  arty  application  of  external  polarir.ing  electric  fields.  Such  thermal 
treatment  prior  to  measurements  was  found  to  improve  repeatability  of  the 
results  and  tends  to  reduce  any  trapped  (shallow-)  charges  and  surface  chances. 
Similar  procedure  cf  electrode  depositing  and  subsequent  thermal  treatment  cf 
we  samples  were  also  performed  for  PIEZEL  (nominal  thickness  of  250  urn. 
supplied  by  Daikin  Industries  Limited  cf  Japan)  and  PZT  (2  mm  thickness, 
suPt-ued  by  l.nilator,  U.K.). 

A  Brandenburg  type  472R  high  stability  photomultiplier  EHT  supply  was  used 
for  charging  or  poling  the  samples.  In  the  charging  and  discharsir.g  croaedure. 
the  samples  were  thermally  conditioned  as  described  earlier,  before  the  applica¬ 
tion  of  each  of  the  next  charging  fields.  The  currents  were  monitored  w  ith  a  Cary 
e.ec.rometer  (model  401)  or  Keithley  (model  602)  which  were  then  suitable  fed  to 
a  recorder. 


The  dielectric  data  were  taken  using  a  General  Radio  Bridge  (type  1621  with  a 
1238  detector  and  a  1316  oscillator)  or  using  a  Solartron  Frequency  Response 
Analyser  and  3BC  microcomputer  automatic  system  which  have  recently  been 
dtvc.opcd  at  L’CNW,  Bangor.  The  pyroelectric  currents  were  measured  using  a 
direct  method,*  in  which  a  linear  heating  rate  of  approximately  1  deg/min  was 
applied  to  the  samples  which  have  been  poled  appropriately.  The  pyroelectric 
responses  of  the  sample  were  also  studied  by  a  dynamic  method7-"  by  exposing 
the  samples  to  a  step  input  of  well  focused  radiations  from  a  tungsten  filame-t 
lamp  through  a  quartz  window  of  the  sample  chamber. 


3.  RESULTS  AND  DISCUSSIONS 

The  effect  of  polarising  fields  at  constant  temperature  on  charging  and  discharging 
currents  in  PIEZEL  is  shown  inlFigurc  l  The  polarity  of  the  discharging  current 
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'4(0  has  been  reversed  for  the  purpose  of  claritv.  It  may  he  observed  that  '.he 
difference  in  magnitude  between  4(0  and  4(0  at  consrar.r  times  increased  with 
increasing  charging  fields,  demonstrating  the  influence  of  contributions  of  the 
steady  state  of  conduction  current  at  progressively  shorter  times.  Tne  behaviour 
j  °‘  4(0  and  4(0  at  different  temperatures  injfie. range  of  313K-373  K  at  a 
|  charging  field  of  3.5  x  10~3  Vm'1  is  shown  in 'Figure  2.1  It  may  be  observed  again 
•  that  at  higher  temperatures  a  steady  slate  Conduction  begins  to  occur  which 
causes  the  charging  currents  to  deviate  from  the  corresponding  discharging 
currents  at  progressively  shorter  limes  with  increasing  temperatures. 

Above  observations  are  in  agreement  with  the  behaviour  of  4(0  and  400  in 
polyvinylidene  fluoride.  The  monotonic  decay  of  the  discharging  currents  with 
time  wetc  observed  to  follow  the  well  known  expression: 

/(0=A(T}r-  (1) 

where  A(T)  is  a  temperature  dependent  factor,  i  is  the  time  after  removal  of  the 
external  applied  field  and  n  <  1  in  the  range  of  fields  and  temperatures  of  the 
present  measurement.  The  steady  state  conduction  currents  were  observed  to 
have  been  reached  at  -10vsscc  (=>27.8  hours)  at  293  K  and  3.5  x  10s  Vm'-'. 
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FIGURE  2  Charging  and  discharging  currents  in  PinZEU  as  diEcrer.t  CRsperaits::  and  field 
3.5  X  Ur  Vm->. 


Obviously,  at  high  fields  and  temperatures,  the  steady  state  conduction  level  is 
reached  at  relatively  shorter  times. 

The  conductivity  of  the  P1EZEL  sample  at  343  K  -vas  observed  to  be 
1.2  x  10~n  FT' m~‘  v.hich  is  about  one  order  of  magnitude  higher  than  that  of 
PVDF.  It  has  been  shown  previously’  that  the  charging  currents  in  PZT  reaches  a 
steady  state  value  at  relatively  shorter  times  (-100  sec)  giving  the  conductivity 
value  of  9  X  lO'^O*1  m~‘  at  343  K,  which  is  about  3  orders  of  magnitude  higher 
than  that  of  PIEZEL.  Thus  the  charging  and  discharging  currents  behaviour  and 
the  level  of  steady  state  conduction  in  PIEZEL  are  very  close  to  that  of  polymer 
phase. 

(Figure  3  Ishows  the  nature  of  isochronal  (i.e.  at  constant  times)  charging 
currents  for  different  fields  at  a  constant  temperature  of  343  K.  An  analysis  of 
their  behaviour  shows  that  the  slopes  of  log  !r[i)/ log  E  plot  at  high  fields  region 
are  greater  than  one  and  non-linear  at  longer  times  and  higher  fields,  thus 
indicating  possibly  a  presence  of  ionic  or  electronic  space  charges. 

The  temperature  dependence  of  the  steady  state  conduction  /,  at  I05sec  for 
different  fields  in  PIEZEL  is  shown  iniFigurc  4. 

The  behaviour  of  /,  as  a  function  of  field  may  be  analysed  with  respect  to  three 
conduction  mechanisms,  i.e.,  Schottky  emission,  Poole-Frcnkcl  effect  and  ionic 
conductivity.  Previous  results10  have  shown  that  the  Schottky  and  Poolc-Frenkcl 
models  many  not  be  the  origin  of  the  steady  state  conduction  current  ir.  PIEZEL. 
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Das-Gupta  cl  d."  have  ako  rejected  the  possibility  of  Schottky  and  Poole- 
Frenkel  conduction  in  PVD7. 

Ionic  conductivity  has  been  observed  unambiguously  both  in  ceramic  and 
polymeric  systems.  Based  oi  a  mode!  of  diffusion  of  lattice  defects  or  ions  and  a 
carrier  hopping  process,11  it  may  be  shown  that: 

I.^/^xpi-SV/kT)  Sinh  {tdElZkT)  (2) 

where  Iq  is  a  constant,  d  the  jump  distance,  \U  the  activation  energy  and  E  the 
applied  electric  field.  Equation  (2)  may  be  reduced  to: 

4«4exp(-A£//AT)  cxp{edEI2kT)  (3) 

for  high  electric  field  region  (eEd  »2kT).  Hence  a  plot  of  log  /,  versus  E  at  any 
particular  temperature  T  should  give  a  straight  line  at  high  fields  with  a  slope  of 
cdE/2kT,  from  which  the  value  of  d  may  be  evaluated. (.Figure  5  shows  such  an 
ionic  plot  in  PIEZEL  at  several  temperatures,  giving  the  values  of  d  in  the  range 
450-850°  A  in  the  temperance  range  of  303-373  K.  The  values  of  d  for  PZT  were 
found  to  be  in  the  range  650-1020  A  at  temperatures  303-343  K  while  for 
PVDF11,  the  a.erage  Jump dis.anc-  -as  found  to  be  (25  =  jja.  Thus  the  ionic 
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conduction  process  in  PIEZEL  aopear  ;o  have  a  sicnlricant  contribution  from  the 
PZT  phase. 

The  ionic  plot  for  isochronal  charging  currents  at  10‘ sec  at  343  K  in  PZT,  PZT 
(50  Vo.  %)/PV'DF  and  PIEZEL  are  shown  injFigure  6  for  comparison.  The  jump 
distance  for  PZT  is  found  to  be  -900  A,  whereas  for  PIEZEL,  d  =  280A  and 
PZT/PVDF  having  d  =  80  A.  It  should  be  noted,  however,  that  except  for  the 
PZT  curve,  the  values  of  charging  currents  at  104  sec  are  not  the  steady  state 
current  for  the  other  two  materials  and  hence  the  calculation  of  d-values  for  these 
materials  may  not  be  appropriate  for  comparison  with  PZT.  The  values  of  d  for 
PIEZEL,  calculated  from  steady  state  currents  (—10s  sec)  is  greater  (—450  A); 
hence  the  d-values  for  PZT/PVDF  composite  is  expected  to  be  greater  than  the 
values  calculated  at  104sec.  The  high  d  values  obtained  in  PIEZEL,  as  compared 
to  PZT/PVDF  composite  may  be  due  to  high  content  of  PZT  phase  present  in 
PIEZEL.  Indeed,  the  increase  of  PZT  phase  content  in  the  composite  would 
increase  the  values  of  the  jump  distance.'3 

j Figure  7  shows  the  behaviour  of  dielectric  permittivity  and  loss  in  PIEZEL  at 
different  temperatures.  It  may  be  observed  that  the  values  of  e’  decrease  while  its 
relaxation  strength  increases  as  temperature  is  increased  in  the  range  334  K- 
375  K,  thus  indicating  a  thermally  activated  process.  Such  a  process  is  clearly  seen 
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in  the  behaviour  of  the  loss  function  e  in  which  a  broad  relaxation  peak  is 
observed  and  it  shifts  to  higher  frequency  for  increasing  temperatures.  The 
activation  energy  of  this  process  is  found  to  be  1.20  eV  which  is  comparable  to 
that  in  PVDF,  i.e.  1.0  eV'*.  This  will  suggest  that  the  relaxation  process  in 
PIEZEL  may  be  due  to  oyrelaxation  in  the  polymer  phase,  which  has  been 
assigned  to  molecular  motions  in  the  crysalline  phase.  Previous  results10  have  also 
shown  a  presence  of  a  low  frequency  (~10~SH,)  peak  in  PIEZEL  which 
corresponds  well  to  that  of  polymer  PVDF,a  thus  suggesting  again  that  the 
dielectric  behaviour  of  the  composite  is  in  good  agreement  with  that  of  the 
polymer. 

There  is  no  observable  relaxation  process  in  PZT  in  the  specified  frequency 
range  as  can  be  seen  fromjFigure  8,'  which  suggests  that  there  is  no  appreciable 
movement  of  domain  walls  or  phase  boundary.  It  may  also  be  observed  that  a 
broad  relaxation  peak  is  also  present  in  PZT/PV'DF  composite  as  shown  in  Figure 
8.  The  high  conductivity  term  of  ceramic  phase  is  seen  to  contribute  significantly 
at  low  frequencies  in  the  PZT/PVDF  composite.  The  values  of  e’  for  PIEZEL 
and  PZT/PVDF  appear  to  be  (he  same  at  high  frequencies,  but  it  differs 
significantly  at  lower  frequencies,  which  may  be  due  to  the  interfacial  charges 
residing  in  between  particles  of  ceramic  in  the  amorphous  phase  of  the  polymer. 
There  is  no  appreciable  change  in  the  values  of  ('  for  PZT  in  the  frequency  range 
of  10  Hz-100  kHz.  Thus  the  high  relaxation  strength  obtained  in  PIEZEL  and 
PZT/PVDF  composites  may  be  due  to  the  effect  of  ceramic  particles  in  the 
amorphous  phase  of  the  polymer. 
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363  X. 

The  dielectric  loss  behaviour  with  temperatures  in  PZT,  PIc-ZEL  and 
PZT/'PVDr  composite  are  shown  injFigure  9;  from  which  :t  may  beobserved  that 
there  is  a  relaxation  peak  in  both  composites  cl  P1EZEL  and  PZwPVDr  while 
in  PZT  there  appears  to  be  no  relaxation.  The  relative  difrerence  of  pead  position 
may  be  attributed  to  the  nature  of  polymers  employed.  Again,  the  loss  process 
seemed  to  be  due  to  polymer  phase  with  an  added  contribution  from  PZT  phase 
at  low  frequencies  and  high  temperatures.13 


FIGURE  9  Dielectric  loss  behaviour  acainM  temperature  in  PZT,  PZT/'P\  DF  ar»«j  TIEZEL  at 
1  k  Hz. 
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Assuming  a  composite  system  in  which  ellipsoidal  particles  (ceramic)  arc 
uniformly  distributed  in  a  continuous  medium  (polymer),  the  dielectric  permit¬ 
tivity  e  of  the  system  is  expressed  as:‘ 


e  =  e,  1  H- 


r-c.(&LT  e •■)  1 

««i  +  (fa- fi)(l -<?)■! 


(-) 


where  n=inTm  is  tie  parameter  attributed  to  the  shape  of  the  ellipsoidal 
particles,  q  is  the  volume  fraction  of  the  ellipsoidal  particles,  e,  is  the  permittivity 
of  the  continuous  medium  and  c:  the  permittivity  of  the  ellipsoidal  panicles. 
Using  f,(PVDF)  =  i!,  2  (PZT)  =  1303  at  363  K,  the  calculated  values  of 
permittivities  with  n  =  7  and  S  are  plotted  as  a  function  of  PZT  volume 
percentage,  along  with  the  experimentally  observed  values,  in:Figure  10.  The 
theoretical  curve  with  n  value  being  between  7  and  S,  may  reasonably  ft t" the 
experimental  data  obtained,  which  is  in  good  agreement  with  the  curve  obtained 
by  Yamada  et  at.  [4]  in  PZT,?VDF  (r.  =  8.5)’and  Mu^.ralidhar  and  Pi!lai:s  in 
BaTiOj/PV'DF  (n  =  7).  It  may  also  be  observed  from  Figure  10  that  the  dielectric 
loss  is  inevitably  increased  as  the  PZT  content  Is  increased,  and  it  is  markedly 
ccsct.cd  pirttcula.ly  in  die  iow  frequency  region. 

In  the  direct  method6  of  measuring  pyroelectric  coefficient  a  sample  is  hea;ed_at 


a  constant  rate  with  its  eletjtrqdes  shorted  and  the  short-circuit  current-^ 
monitored  with  an  appropriate^  mipedance  electrometer.  The  first  run  provides 
irreversible  current  which  is  subsequently  reduced  in  the  following  runs.  A  typical 
thermally  stimulated  discharge  current  (irreversible)  and  pyroelectric  current 
(reversible)  in  PZT  (50  vol  1e)/PVDF  is  shown  in  Figure  11  w-hich  was  obtained 
with  the  pre-poled  sample  at  373  K  in  electric' field  of'  1.2  x  i0T  Vm'1  for 
2.8  hours  and  cooled  :o  room  temperature  in  the  presence  of  field.  The  first  run 
shows  a  very  high  increase  in  current  with  no  peak  up  to  373  K.  It  may  be 
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!  FIGURE  11  Typical  thtrir.a’.ly  stimulated  discharge  current  and  pyroelectric  current  in  rZT.'rVDr 


possible  to  observe  tbs  peak  if  it  is  heater!  slightly  above  373  K.  Similar 
observation  had  been  made  by  Shalchtaichtir.skii  ct  at.'*  in  which  no  peak  had 
'  been  observed  below  373  K  for  composite  of  PZT/pc.'yethy ler.e.  The  second 
beating  shows  substantial  reduction  of  current  as  seme  charges  have  been 
released  during  the  first  heating.  The  third  subsequent  heating  shows  no 
appreciable  current  reduction,  thus  establishing  a  reversible  pyroelectric  current 
in  the  sample.  The  pyroelectric  coefficient  p(T)  can  be  evaluated  using  the 
following  relation: 

;•  (5> 
j  where  /,  is  the  short-circuit  pyroelectric  current,  a  the  sample  area  and  dTIdt  is 
the  heating  rate  (1  deg/min).  The  calculated  value  of  p[T)  at  343  K  gives  about 
2x10"*  couI/m’/K  which  is  significantly  higher  th3n  that  of  the  well  poled 
/3-PVDF  (=*1  x  10"s  Coul/m~/K)  obtained  by  Inoue  a  a/.,17  at  the  same 
temperature.  Although  the  p  value  in  PZT/PVDF  composite  is  lower  than  (hat  of 
PZT  (p=*5  x  10"4  Coul/m-/K),  its  pyroelectric  figure  of  merit  p/e’  is  about  5 
times  higher  (taking  e'(PZT/PVDF)  =  95.  e'(PZT)  =  1250  at  343  K). 

j  Figure  12  shows  the  behaviour  of  the  first  run  (irreversible  pyroelectric  current) 
and  the  third  run  (reversible  pyroelectric  current)  of  the  TSDC  spectra  for 
different  PZT  content  of  PZT/PVDF  composites,  ft  may  be  observed  that  the 
differences  between  the  current  values  of  these  two  runs  is  more  pronounced  for 
low  concentration  of  the  ceramic  in  the  polymer  matrix.  A  poss'blc  explanation 
for  this  behaviour  may  be  described  as  follows.  The  conductivity  a  of  an  ionic 
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FIGURE  12  Thermally  stimulated  discharge  currents  spectra  for  various  ceramic  volume  ptrcfr'zge 
at  323  K  in  PZT/PVDF  composite. 


material  may  be  expressed  as: 


(«) 


where  ;he  activation  energy  U  is  given  by  At/  =  &W/2e'  and  tV  is  the  energy- 
required  to  separate  the  ions  in  a  dielectric  medium.  Equation  (6)  implies  that  the 
conductivity  is  increased  due  to  an  increase  in  the  permittivity  e'.  Thus,  a  higher 
conductivity  would  arise  for  high  PZT  content  of  the  composite.  In  addition  it  is 
possible  that  an  increasing  ceramic  content  may  introduce  deeper  traps  resulting 
in  a  decrease  of  released  charges.  Of  course,  it  should  be  stated  that  an  increase 
in  conductivity  does  not  necessarily  provide  an  increase  in  the  reversible 
pyroelectric  current. 

The  pyroelectric  coefficient  for  various  contents  of  P_ZT  _in_  PZT<TVDF 
composite  at  three  different  temperatures  are  shown  in;Figure  13.,  The  samples 
were  initially  poled  using  the  same  poling  parameters.  (Ep  =  7  x  106  >jl/m, 
7^,  =  373  K,  rp  =  2.8hrs).  Generally,  the  pyroelectric  coefficient  increases  as~lhe 
PZT  content  in  the  composite  increases.  Assuming  that  the  pyroelectric 
coefficient  for  the  composite  depended  on  the  pyroelectric  coefficient  of  the 
dispersoid  and  the  relative  permittivity  of  the  polymer,  the  composite  pyroelectric 
coefficient  p  may  be  expressed  os.*-5 


"i 


P  =  qaCPj 


(?) 


where  q  is  the  dispersoid  volume  fraction,  a  the  poling  ratio  which  is  defined  as 
the  ratio  of  an  arbitrary  chosen  value  of  polarization  to  the  saturation  value  at  a 
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'-her:  the  symbols  have  been  previously  defined.  Using  n  =  7.5,  a  =  O.S,  o.  =  11, 
f-  a  1203  and  p2  =  3  x  10"'  CouI/m~/K,  the  calculated  values  of  p  are  obtained 
tor  PZT/PVDF  composites  with  different  PZT  content  a!  533  K,  and  are  shown  in 
Figure  13.  It  may  be  observed  that  there  is  a  good  agreement  between 
experimental  data  and  calculated  values  for  composites  with  high  content  cf  PZT 
phase.  For  low  PZT  content,  the  observed  values  of  the  pyroelectric  coemcicnts 
were  less  than  the  calculated  values.  This  deviation  may  be  caused  by  the 
uncertainties  in  the  chosen  values  of  a. 

The  dynamic  method’  provides  an  alternative  wav  in  measuring  the  pyroelec¬ 
tric  response  of  the  materials.  The  pyroelectric  coefficient  p(T)  in  this  method 
may  be  obtained  from  the  following  relation: 

l,„.=  Kp{T)  W 

with 

K  =  -^-0e'-e  (10) 

pC„L 

where  !p„ „  is  the  peak  value  of  the  pyrc-Vetric  current  response,  p  material 
density,  h'0  is  the  radiation  power  absorbed  per  un.t  area  of  the  electroded 
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FIGURE  :4  psaic  cur rsr.t  sgcins:  pv rodcc.ric  cc:Ci:i:r>:  z:  323  K  .'n  PZ?.‘PV£r  corr.pcsitc. 

s-a  — . p c ,  Cp  ’.he  specif.c  he;;,  i.  :he  sample  thickness  and  3  =  £/7w here  £  and  7 
are  the  electrical  and  thermal  time  constants  of  the  system.  Ir^t  was  measured 
when  a  step  input  cf  radiation  was  incident  onto  the  sample  electrode  after  the 
completion  of  the  third  TSDC  run  cf  the  pre-poled  sample.  Figure  14  shews  that 
there  exists  a  linear  relationship  between  the  pyroelectric  coefficient  p(7) 
determined  by  the  direct  and  the  dynamic  methods  with  composite  samples  poled 
at  three  different  fields  in  the  range  (3. 5-10. 5)  x  10s  Vn~’. 

The  constant  of  proportionality  K  (see  Equation  (9))  is  found  to  be  2.1  X 
lCrsmJs"lK,  which  could  be  considered  as  a  constant  for  the  same  sample 
material  having  the  same  electrode  geometry  with  the  incident  radiation  power 
and  the  electrical,  the  thermal  time  constants  of  the  system  remaining  unchanged. 
A  comparison  of  pyroelectric  coefficient  between  PZT/PVDF  composite  and 
P1EZEL,  obtained  by  the  direct  method  can  be  seen  in  :Figure  IS,.  Both 
composites  show  an  appreciable  increase  of  p{T)  values  with  temperatures.  The 
value  of  p{T)  may  still  be  enhanced  by  increasing  the  magnitude  of  poling  Reid, 
limited  by  the  breakdown  voltage  of  the  material.  It  may  also  be  observed  from 
Figure  15  that  the  p{T)  values  obtained  by  the  direct  method  in  PZT/PVDF 
composite  which  is  indeed  the  most  accurate  method,  arc  somewhat  higher  than 
those  obtained  by  the  dynamic  method,  particularly  at  high  temperatures.  Further 
work  is  necessary  in  this  respect. 

In  conclusion,  it  is  suggested  that  the  steady  state  conduction  process  in  the 
polymer-ceramic  composites  m3y  originate  from  an  ionic  hopping  mechanism 
which  has  a  significant  contribution  from  the  PZT  phase.  The  dielectric  loss 
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FIGURE  15  Pyroelectric  cccSc ageins t  temperature  in  ?Z7;?VDF  and  PIEZEL. 

processes  are  essentially  due  to  the  polymer  phase  with  an  added  contribution  by 
the  PZT  phase  particularly  at  lew  frequencies  and  high  temperatures.  The 
dielectric  constants  and  the  pyroelectric  coer.cier.ts  appear  to  have  a  reasonably 
good  agreement  between  the  calculated  ar.d  the  experimentally  observed  values. 
A  significantly  high  pyroelectric  f.gure  of  merit  has  been  achieved  in  high  PZT 
content  of  PZT/PVDF  composite  as  compared  to  that  cf  PZT. 
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INTRODUCTION 

Ferroelectricity  in  well-poled  polyvinyl  ider.e  fluoride  (PVDF) 
is  a  phenomenon  which  is  now  well  supported.  However,  the  piezo-  and 
pyroelectric  responses  in  this  polymer  are  significantly  weaker  than 
those  of  ceramic  oxides.  It  would  be  attractive  to  design  composite 
materials  which  will  have  the  mechanical  properties  of  polymers  with 
the  electro-active  properties  of  ceramics.  Such  materials  will  be 
useful  for  diverse  sensor  applications,  viz,  acoustic  emission 
detection,  hydrophones,  biomedical  applications,  thin  film  capacitors 
etc.  One  of  the  chief  requirements  cf  a  capacitor  is  that  a  large 
capacitance  to  volume  ratio  is  desirable.  A  high  ratio  requires  a 
thin  film,  a  high  dielectric  constant  and  an  acceptable  electrical 
breakdown  strength.  Such  a  material  may  be  designed  by  a  judicious 
incorporation  of  fine  grain  ceramics  in  a  suitable  polymer  matrix. 

Present  work  reports  the  result  of  an  investigation  cf  the 
dielectric  and  pyroelectric  properties  of  composite  films  ir.  which 
BaTiOj  and  P2T  have  beer,  located  in  the  matrix  of  PVDF. 


EXPERIMENTAL 

PVDF  pellets  {types  A  and  3)  and  fine  grain  (1-2-m)  FITS  and 
PZT8  were  obtained  from  Laporte  Industries  and  Collator  Technical 
Ceramics  Limited.,  respectively.  Cockson  pic.  generously  provided  us 
with  BaTiOj  grains  (*lun).  The  composite  hides  were  prepared  with 
suitable  concentrations  in  a  rolling  mill  at  403X.  A  temperature 
controlled  hydraulic  press  was  subsequently  used  in  the  second  stage 
to  prepare  films  of  minimum  thickness  of  2C0um.  The  absorption 
current  studies,  the  dielectric  measurements  and  pyroelectric 
behaviour  investigations  were  made  as  described  in  our  previous 
work*"4.  The  different  composite  mixtures  used  in  this  work  will  be 
designated  thus: 

Composite  A:  PZT5/PVDF-A  (Colef  1 1C 10):  50/50  (volume  fraction; 
Composite  B:  P2T8/PVPF-B  (Solef  IOCS) :  50/50  (volume  fraction) 
Composite  C:  BaTiCRj/PVDF-B  (Solef  1008) :  40/60  (volume  fraction) 

PVDF-A  pellets  (Solef  11010)  of  Composite  A  films  were  observed 
to  be  more  opaque  compared  to  P*TF-B  (Solef  1008)  cf  Composite  B 
films.  Above  observations  would  suggest  that  the  Solef  11010  pellets 
are  more  crystalline  in  nature  than  the  Solef  1008  PVDF  pellets. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  typical  charging  and  discharging  current 
transients  Ic(t)  and  I^tt)  respectively  for  the  composite  films  A.  B 
and  C  for  a  charging  field  of  3.5  x  105  V-_1  at  361K.  It  nay  be 
observed  that  composite  C  reaches  a  quasi-steady  state  value  ct  I -it) 
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at  '103s  while  composites  A  and  B  seem  to  take  a  longer  tine  ('lC4s; 
to  reach  such  conduction  levels.  It  has  been  shown  that  the  steady 
state  conduction  mechanisms1  in  such  composites  is  of  ionic  nature 
which  is  also  true  for  ceramic  materials  Furthermore ,  ionic 
conduction  has  also  been  observed  in  FVDF  at  high  fields  and  high 
temperatures  where  the  charge  carriers  hop  through  the  defect  sites 
along  the  chains5.  The  discharge  current  Id(t),  behaves  according  to 
the  well  known  expression: 

Id(t)  =  A(T)  t“n  ...  (1) 

where  A(T)  is  a  temperature  dependent  factor,  t  the  time  after  the 
removal  of  the  charging  voltage  and  n  <1.  In  this  work  n-vaiue  was 
found  to  be  0.6  -  0.7  for  all  three  composites.  A  very  broad 
distribution  of  relaxation  times  is  indicated  by  n~l. 

The  observed  dielectric  behaviour  ( €  *  and  c")  cf  the  three 
composites  are  given  in  figure  2  ir.  the  frequency  range  of  10  Hz  -  65 
kHz.  For  composites  A  and  B  the  e'  -  values  (real  part  of  the 
dielectric  constant)  are  very  similar  and  higher  than  that  cf 
composite  C.  The  permittivity  c  of  a  composite  system  may  be 
expressed  thus6: 

r  i 

nq(e2  -  «i) 

€  =  !*■*■  _  i  •••  (2) 

!  ncl  *  ( € 2  _  cl)  ! 

where  €\  is  the  permittivity  of  the  continuous  medium  {i.e.  FVDF  in 
our  case),  r2  permittivity  of  the  ellipsoidal  particles  (ceramics; . 
n  a  parameter  attributed  to  the  shape  of  the  ellipsoidal  particles. 
With  n  «  8,  ci  (FVDF)  «  12,  c2(PZT)  »  13C0  and  €2  (BaTi03)  =  170C,  the 
calculated  values  of  permittivities  of  composites  A  and  C  are  56  and 
70  respectively  which  are  in  good  agreement  with  the  experimentally 
observed  values,  i.e.  c  'composite  A  =  100,  ('composite  9  =  105  and 
( 1  composite  C  “  l^Hz  363K. 

The  €"  behaviour  shows  a  broad  relaxation  {noticeably  more  fcr 
Composite  C)  at  ‘1kHz  which  is  attributed  to  ac-relaxation  of  the 
polymer  (PVDF)  phase.  For  composites  A  and  B,  the  e "  values  increase 
significantly  as  the  frequency  is  reduced  and  this  may  be  attributed 
to  an  ionic  conductivity  or  electrode  polarization  effect.  Composite 
C  also  shows  such  a  behaviour  as  the  frequency'  goes  below  10  Hz. 

The  beha/iour  of  «"  at  1kHz  in  the  temperature  range  of  253- 
378K  is  shown  in  figure  3. 

The  observed  high  temperature  peak  at  '  363K  is  in  acree.-er.t 
with  that  in  PVDF  and  it  is  associated  with  molecular  motions  in  the 
crystalline  region  of  the  polymer"1  with  added  contributions  from  the 
ceramic  phase.  The  increased  dielectric  less  with  increasing 
temperature  is  usually  ascribed  to  the  ionic  conductivity  which  is 
present  in  both  the  polymer  and  the  ceramic  phases. 

Thermally  stimulated  discharge  current  (TSDC)  plots  of  the 
three  composites  which  were  initially  moled  at  a  field  of  7xl06  Vm-1 
for  ‘3  hours  at  373K  and  cooled  down  to  room  temperature  in  presence 
of  this  field,  is  shown  in  figure  4.  The  TSDC  spectra  of  composites 
A  and  B  are  similar  and  have  higher  values  of  thermally  stimulated 
currents  than  that  of  composite  C. 

The  pyroelectric  coefficient  p  may  be  expressed  thus: 


n 


s  charging  [•  ve>  •  ~  composite  a 
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Figure  3  :  Dielectric  loss  behaviour  against  Figure  U  :  Thermally  stimulated  discharge 
temperature  in  ceramic /polymer  composes  current  in  ceramic/polymer  composites 
at  1kHz . 
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cigure  5  Pyroelectric  coefficient  against  temperature  in  ceramic 
polymer  composites 
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where  I-  is  the  reversible  pyroelectric  current  and  dT/at  is  the  rate 
of  rise  in  temperature  in  a  TSDC  run.  This  is  the  direct  method  of 
determining  pyroelectric  coefficient.  For  our  measurements  Ip  values 
were  identified  from  the  third  successive  run  of  TSDC  experiment  thus 
ensuring  that  the  trapped  space  charges  have  been  eliminated  and  that 
I  is  truly  reversible.  The  heating  rate  in  the  present  TSDC  run  is 
l°c/min  and  a  is  the  electrode  area  of  the  samples.  Figure  5  shows 
the  behaviour  of  the  pyroelectric  coefficient  p  with  temperature  in 
the  range  of  303K  -  373K  from  which  it  may  be  observed  that  composite 
A  has  the  highest  pyroelectric  coefficient  as  compared  with  the  other 
two  composites.  It  may  also  be  noticed  that  p  values  of  Composite  A 
is  greater  than  that  of  Composite  B  by  approximately  an  order  of 
magnitude  at  303K.  It  is  suggested  that  the  observed  higher 
dielectric  lasses  (see  figure  2)  coupled  with  its  lower  elastic 
stiffness  in  the  polymer  phase  may  be  responsible  for  its  smaller  p- 
values  compared  with  that  of  Composite  A  which  would  be  in  agreement 
with  Galgoci  et  al7.  Tamura  et  al8  also  have  observed  increased 
piezoelectric  coefficient  with  increasing  elastic  stiffness.  The 
pyroelectric  figure  of  merit  p/t',in  Composite  A  (1.5  x  1CT8  Cn"*K~i) 
is  approximately  3.8  times  greater  than  that  of  PIT  (3.8  x  10“ 7  W* 
K~l)  at  343K, 

Pyroelectric  coefficient  has  also  been  measured  in  this  worx  by 
a  dynamic  method  in  which  p(T)  nay  be  obtained  from  the  following 
relationship8 . 

Ip(max)  ‘  Kp(T)  •••(«< 

e 

(1H5)  (5) 

where  K  «=  Fca  6 
PCpL 

where  F0  is  the  radiation  power  absorbed  per  unit  area  of  the 
electroded  sample,  a  the  electrode  area,  P  the  density  of  the 
material,  Cp  the  specific  heat,  L  the  sample  thickness,  t^,e 
peak  pyroelectric  current  response  to  a  stepwise  radiation  incident 
on  the  sample,  and  9  ■  te/tT  w^ere  te  and  rj  are  the  electrical  and 
thermal  time  constants  of  the  system. 

Ip (max)  was  measured  at  different  temperatures  using  a  stepwise 
thermal  radiation  from  a  tungsten  filament  lamp.  The  pyroelectric 
coefficients  p (1 )  were  calculated  using  the  measured  values  of 
Ip(max)  °f  the  dynamic  method  and  equations  4  and  5  for  composite  A 
ana  are  also  shown  in  Figure  5.  It  may  be  observed  that  the  p(T) 
values  obtained  by  the  direct  method  which  is  indeed  the  most 
accurate  method,  are  somewhat  higher  than  those  obtained  by  the 
dynamic  method,  particularly  at  high  temperatures.  Further  work  is 
in  progress  in  the  study  of  electro-active  properties  of  Composite  A 
which  appears  to  be  the  most  attractive  material  of  the  three 
Composites  investigated  in  the  present  work.  Table  1  provides  a 
summary  of  results  obtained  in  this  work. 
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TABLE  1  -  SUMMARY  OP  RESULTS 

Pyrelectric  Pyroelectric 


(90°C) 

€* 

(70°C) 

(UWZ) 

c 

(70°C) 

(1XHZ) 

Coefficient 

pm,  , 

(Coul.B^ir1) 

<70°O 

Figure  of 
Merit 
p/e ' (70°C) 

P2T 

3x10*9 

1300 

1.2 

5xl0"4 

3.8x10-7 

BaTi03 

10-9-10-8 

1700 

7vl0“4 

4.1X10-7 

PVDF 

3xlO"13 

12 

1.0 

9.0x10-8 

7.5X10"7 

Composite  A 
( PZT5/PVDF (A) ) 
50:50 

1.4X10-10 

95 

6.0 

1.4X10"4 

1.5x10-8 

Composite  B 
[ PZT8/PVDF ( B) ] 
50:50 

1.3X10-10 

96 

6.5 

3 . 3x10*8 

3.4x10-7 

Composite  C 
(BaTi03/PVDF(B)  ] 

3X10'10 

73 

6.2 

8.0x10-8 

l.lxlO"7 

40:60 
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APPENDIX 


Daikin 

Fluoro- 

Chemicals 


Introduction 

PiezeJ  is  alterable,  piezoelectric  polymer 
composite  coopting  of  fine  piezoelectric  ; 

cerarrikis  powder  dispersed  in  fluoropotymers.  v 
This  material  mates  it  possible  to  obtain  larger  % 
area,  thunfftn  sheets,  arid  to  achieve  mass  -ii 

production— both  of  which  are  impossible  vwth|  '■ 
piezodectricoEvariik»';%-;/-.;'  : 

Moreover,  PSezel  is  superior  to  ordinary  : 
piezoelectric  polymers  with  respect  to 
processabStyand  piezoelectricity,  and  tfiere  isno 
piezoelectric  anisotropy.  / 

Rezel  is  therefore  a  superior  piezoelectric 
material  which  combines  the  merits  of 
piezodectricceramKSdndjxrlyrners. 


S 
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1.  Grades  Piezel  is  available  in  the  following  two 

grades. 


Product  no. 

Thickness 

T  (mm) 

Width 

W  (mm) 

Length 

L  (mm) 

N25 

0.25 

200 

200 

L25 

0  25 

200 

200 

In  addition  to  these  two  grades,  the  All  grades  can  also  be  specially  ordered 

following  types  can  be  specially  with  different  dimensions. 

ordered. 

P  type  (polarization  treated) 

E  type  (polarization  treated,  with 
electrodes) 


Features 

Piezel  possesses  many  excellent 
features. 

The  main  features  are  as  follows. 

2-1 

Flexibility 

Because  Piezel  uses  fluoropolymers  as 
a  matrix,  it  is  both  flexible  and  superior 

in  impact  resistance  to  piezoelectric 
ceramics. 

2-2 

Excellent  processability 

Large-area  sheets  can  be  obtained, 
and  processing,  such  as  cutting,  etc., 

is  easily  done.  Moreover,  Piezel  al*° 
makes  heat-processing  possible. 

2-3 

Excellent  piezoelectricity 

A  high  degree  of  piezoelectricity  can  be 
achieved,  and  there  is  no  piezoelectric 
anisotropy. 

2-4 

Long  service  life 

Piezel  displays  almost  no  piezoelectric 
deterioration  even  after  long  use. 

3.  Properties 


3-1  General  properties 


Mem 

N25 

L25 

Specific  gravity 

5  5  —  60 

5  3  —  55 

Elasticity  E  (N  m.  10°I 

2-5 

3-6 

Tensile  strength  TS  (kgf/cm*) 

150-200 

1 50  -  200 

Volume  resistivity  pv(fi-cm) 

10- • 

10- 

Dielectric  constant  i  (at  1  kHz) 

O 

o 

( 

IVJ 

o 

rv 

O 

i 

cn 

O 

Breakdown  voltage  BDV  (MV  'm) 

8 

8 

Piezoelectric  constant  d3t  (C'N*l0-‘:) 

15-25 

20-30 

e;-i  (C/m2  - 10-') 

0  5-1 

1  —  5 

g (Vm-  N  •  10-  ') 

15-25 

15  —  25 

k :•>  (%> 

4  5  —  55 

5  5  —  65 

d:.j  (C/N-  lO-'-’l 

40-60 

30  -  40 

eaa  (C/m2  *10-’) 

1  -2 

1-2  5 

g?3  (Vm/N*  10-  -) 

40  —  60 

20  -  30 

k  33  (%) 

7-12 

5-8 

Note:  Condition  shown  in  5-2  Measured  at  25'C  (77'F) 


3-2  Temperature 
characteristics 


Figures  1.  2.  and  3  show  the  between  modulus  of  elasticity  (E)  and 

relationship  between  piezoelectric  temperature;  between  dielectric 

constant  (d31)  and  temperature;  constant  (r)  and  temperature. 


Figure  1  Piezoelectric  Constant  vs.  Temperature  Figure  3  Dielectric  Constant  vs.  Temperature 


